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Abstract
The observation of a new boson in the summer of 2012 by the CMS [1] and AT-
LAS [2] experiments at the Large Hadron Collider (LHC) was a source of huge
excitement in the particle physics community and beyond. Almost 50 years after
its prediction [3–6] the Higgs boson seems to finally have been discovered. But the
nature of the newly discovered particle has to be confirmed to be consistent with
the predictions of the Standard Model (SM) for a Higgs boson of a mass of about
125 GeV. The “golden channel” h0 → ZZ → 4` and the di-photon decay channel
h0 → γγ show amounts of signal events that agree within the uncertainties with
the predictions of the SM. Nevertheless, it is essential to confirm the discovery in
as many production and decay channels as possible and to measure the Yukawa
couplings between the new boson and the involved Standard Model particles.
This dissertation describes the search at the CMS experiment for the Higgs bo-
son decaying into the lightest particle for which a measurement of its coupling
to the Higgs boson at the center-of-mass energies of the Large Hadron Collider is
realistic: the muon. Due to the nature of the Higgs mechanism, the Yukawa cou-
plings of the Higgs boson to the fermions are directly proportional to their mass.
This makes the decay of the Higgs boson into two muons (h0 → µ+µ−) very rare
and a search in this channel a challenge. In spite of that, the excellent muon mo-
mentum resolution of the CMS detector should make it possible to reconstruct a
very clean and narrow signal peak for the Higgs boson. The distribution of back-
ground events in this search is very smooth and well understood which makes
the analysis less dependent on simulations.
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0 ABSTRACT
The Standard Model had tremendous success in predicting the existence of
previously undiscovered particles like the W and Z bosons, the charm and top
quarks, and the tau neutrinos as well as anticipating decay modes of the W and Z
bosons correctly with very high accuracy. Despite its success the Standard Model
needs some unnatural techniques to be self-consistent. For example, to solve the
hierarchy problem of the observed Higgs boson mass a huge ultraviolet cutoff
scale has to be introduced to cancel out corrections from fermion loop diagrams.
This problem gave rise to the idea of an extension to the Standard Model by in-
troducing a new symmetry between bosons and fermions called Supersymmetry.
In its simplest incarnation, the Minimal Supersymmetric Standard Model (MSSM),
the theory introduces superpartners for all particles of the Standard Model to get
rid of the scale correction. In this scenario the Higgs sector changes and five sep-
arate Higgs boson states are predicted. This thesis also portrays the search for the
three neutral Higgs bosons (h/A/H) of the MSSM through their two muon decay
channel. This channel provides excellent resolution to reconstruct the mass and
decay width of the Higgs bosons which makes it possible to measure, or at least
constrain, some important parameters of the MSSM.
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Einführung
Die Beobachtung eines neuen Bosons im Sommer 2012 durch die Experimente
CMS [1] und ATLAS [2] am Large Hadron Collider (LHC) waren Grund für große
Begeisterung in der Teilchenphysik und darüber hinaus. Fast 50 Jahre nach seiner
Vorhersage [3–6] scheint das Higgs-Boson endlich entdeckt worden zu sein. Aller-
dings muss erst bestätigt werden, dass die Eigenschaften des neu entdeckten Teil-
chens konsistent mit den Vorhersagen des Standardmodells (SM) für ein Higgs-
Boson mit einer Masse von 125 GeV sind. Der “goldene Kanal” h0 → ZZ → 4`
und der Zwei-Photon-Kanal h0 → γγ zeigen eine Anzahl von Signal Ereignissen,
die in Berücksichtigung ihrer Unsicherheiten verträglich mit den Vorhersagen des
Standardmodells sind. Dennoch ist es unerlässlich die Entdeckung in so vielen
Produktions- und Zerfallskanälen wie möglich zu bestätigen und die Yukawa-
Kopplungen der Standardmodell-Teilchen an das neue Boson zu messen.
Diese Dissertation beschreibt die Suche des CMS-Experiments nach dem Higgs-
Boson im Zerfall in das leichteste Teilchen für das eine Messung der Kopplung an
das Higgs-Boson bei der Schwerpunktsenergien des LHC realistisch ist: das Myon.
Aufgrund der Natur des Higgsmechanismus sind die Yukawa-Kopplungen des
Higgs-Bosons zu den Fermionen direkt abhängig von deren Masse. Dies macht
den Zerfall des Higgs-Bosons in Myonen (h0 → µ+µ−) sehr selten und die Suche
in diesem Kanal eine Herausfordung. Dessen ungeachtet sollte die hervorragen-
de Impulsauflösung des CMS Detektors es möglich machen ein sehr sauberes
und schmales Signal des Higgs-Bosons zu rekonstruieren. Die Verteilung der Un-
tergrundereignisse ist sehr glatt und gut verstanden, was die Analyse weniger
abhängig von Simulationen macht.
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Das Standardmodell hatte enormen Erfolg darin die Existenz von zuvor unent-
deckten Teilchen wie den W - und Z -Bosonen, den Charm- und Top-Quarks und
des Tau-Neutrinos vorherzusagen. Trotz dieses Erfolges braucht das Standardmo-
dell einige unnatürliche Methoden um widerspruchsfrei zu sein. Um zum Bei-
spiel das Hierachie-Problem der beobachteten Masse des Higgs-Bosons zu lösen,
muss eine enorme ultraviolette Grenzskala eingeführt werden, um Korrekturen
aus Fermion Schleifen zu neutralisieren. Dieses Problem brachte die Idee zu einer
Erweiterung des Standardmodells durch Einführung einer Symmetrie zwischen
Bosonen und Fermionen, genannt Supersymmetrie, hervor.
In ihrer einfachsten Verkörperung, dem Minimal Supersymmetrischen Standard-
modell (MSSM), führt die Theorie Superpartner für alle Teilchen des Standard-
modells ein, um die Skalen Korrekturen zu beseitigen. In diesem Szenario verän-
dert sich der Higgs-Sektor und es werden fünf Higgs-Boson Zustände vorherge-
sagt. Diese Arbeit schildert außerdem die Suche nach den drei neutralen Higgs-
Bosonen (h/A/H) des MSSM im Zerfall in zwei Myonen. Dieser Kanal bietet die
beste Auflösung für die Rekonstruktion der Masse und Zerfallsbreite der Higgs-
Bosonen, was es ermöglicht wichtige Parameter des MSSM zu messen oder zu
mindest ihren möglichen Parameterraum einzuschränken.
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Theoretical Foundation
In this chapter the conventions for the units used throughout this thesis are set.
Furthermore, the theoretical framework of the SM of particle physics is intro-
duced. Due to the topic of this work, the focus lies on the breaking of the elec-
troweak symmetry, thus introducing the Higgs boson. This chapter also discusses
certain problems of the Standard Model and the possible solution offered by Su-
persymmetry. Supersymmetry introduces new particles which have consequences
for the number and properties of Higgs bosons. The last section of this chapter
will in detail investigate the Higgs sector in the minimal Supersymmetric exten-
sion of the Standard Model.
2.1 Units and Conventions
This thesis will use the convention of natural units, common in modern particle
physics. For convenience, the velocity of light c and the reduced Planck constant
are set to unity
c = h¯ = 1. (2.1)
This choice not only reduces the amount of characters appearing in the formu-
lae, it also leads to a change in units. By dropping the velocity of light from the
momentum four-vectors, the relation between energy, mass and momentum of a
particle reduces to
E 2 = p2 +m2 (2.2)
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This means that in the context of natural units energy, momentum and mass
have the same dimensions and are commonly measured in GeV. Although the
choice of units changes the dimensions of time and length both to be GeV−1.
For convenience they are usually still stated in centimeters and seconds. Cross
sections of particle interactions have the dimension of an area. To handle the fact
that typical cross sections are much lower than 1 cm2 the unit barn (b) is defined
as
1 b = 100 fm−2 = 10−28 m2. (2.3)
While the instantaneous luminosity is measured in cm−2s−1 the integrated lu-
minosity is measured in inverse barn (b−1). This choice of units makes it easy
to calculate the number of events expected from a certain process when the cross
section is known.
2.2 Standard Model
The Standard Model of particle physics provides a framework to combine the
electromagnetic, weak and strong interactions of elementary particles using the
unitary gauge group SU(3)× SU(2)× U(1). It is a renormalizable quantum field
theory that describes the interaction of the fermionic quarks and leptons with the
exchange of gauge bosons representing the fundamental forces.
Particle Content
The particle content of the Standard Model can be divided into several subsets
of particles. The most obvious distinction appears between fermions and bosons.
The fermions form the constituents of matter. They share the same attribute of
an intrinsic spin of 1/2 and their interactions can be described by the exchange
of bosons representing the different fundamental forces of nature. Fermions can
further be divided into quarks and leptons.
Quarks have the unique ability to interact via the strong nuclear force, which
is mediated through the exchange of massless gluons. The strong nuclear inter-
actions are described by quantum chromodynamics (QCD) with the non-abelian
gauge group SU(3)c . The charge associated with the strong nuclear force is called
color and is conserved in all interactions.
The quark sector consists of three generations each with two quarks of an electric
charge of 2/3 e and −1/3 e, where e corresponds to the elementary charge. Quarks
are the only elementary particles influenced by all fundamental forces. Due to the
nature of the strong nuclear force free quarks cannot be observed.
10
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Table 2.1.: List of fermions and their properties [7].
Particle Symbol Mass / MeV Charge / e Spin
leptons
electron e− 0.511 −1 1/2
electron-neutrino νe < 2× 10−6 0 1/2
muon µ− 105.66 −1 1/2
muon-neutrino νµ < 0.19 0 1/2
tau τ− 1776.82 −1 1/2
tau-neutrino ντ < 18.2 0 1/2
Particle Symbol Mass / GeV Charge / e Spin
quarks
up u 2.3+0.7−0.5 × 10−3 2/3 1/2
down d 4.8+0.7−0.3 × 10−3 −1/3 1/2
charm c 1.275± 0.025 2/3 1/2
strange s 0.095± 0.005 −1/3 1/2
top (truth) t 173.5± 1.0 2/3 1/2
bottom (beauty) b 4.65± 0.03 −1/3 1/2
The color charge always needs to be neutralized by confining the quarks into
mesons, a bound state between quark and antiquark (e.g. the pion), or baryons, a
bound state consisting of three quarks (e.g. the proton or the neutron).
Similar to the quarks, the lepton sector of the Standard Model consists of three
generations. Each generation consists of a negatively charged particle (electron,
muon and tau) accompanied by an electrically neutral neutrino of the same flavor.
The electron is the lightest and the only stable charged lepton. Together with the
proton and neutron they form the building blocks of matter. The muon has a
mean lifetime of 2.2µs. Its lifetime is also the reason for its dominance among
the secondary particles of cosmic air showers. On the other hand, the tau has a
very short mean lifetime of 290.6× 10−15 s. At the LHC this low lifetime leads
to a decay of the tau inside the beam pipe when produced in a collision at a
particle accelerator, demanding a detector with a very good spatial resolution to
reconstruct its decay vertex separately from the primary vertex of the collision.
11
2 THEORETICAL FOUNDATION
Neutrinos interact only via the weak force which makes it very difficult to detect
them. Neutrinos undergo a phenomenon called neutrino oscillation which results
in a change of the flavor of the neutrino while propagating through space. This
happens because the flavor eigenstates corresponding to the charged lepton of its
generation (e, µ, τ) are not equal to the mass eigenstates (1, 2, 3). A summary of
the properties of quarks and leptons can be found in Table 2.1.
Fundamental Forces
There are only four fundamental forces describing all interactions in nature. The
force most significant in everyday life, the gravitational force is actually the weak-
est of the four. It is also the one force which is still not combined into the unified
framework of the Standard Model. Although very accurately described by Ein-
stein’s theory of general relativity, it has not been possible to form a consistent
quantum field theory for gravity.
The other three fundamental forces: the electromagnetic, the weak and the strong
nuclear force, could all be integrated into the Standard Model of particle physics.
The unification of the electromagnetic and the weak nuclear force proposed by
Salam, Glashow and Weinberg [8–11], combines the electromagnetic and the weak
nuclear force to the electroweak force. The theory models the two forces to be
aspects of the same force at or above the electroweak scale, showing different be-
havior only below this scale. The gauge groups SU(2) and U(1) give rise to their
respective gauge bosons W i (i = 1, 2, 3) for the weak isospin and B for the weak
hypercharge. The ratio of the coupling constants of the two gauge groups defines
the weak mixing angle
tan θW =
g ′
g
. (2.4)
The spontaneous breaking of the electroweak symmetry leads to the mixing of
the gauge bosons above resulting in the photon, the Z and the W± bosons as
shown in equations 2.5 and 2.6.
(
γ
Z 0
)
=
(
cos θW sin θW
− sin θW cos θW
)(
B
W 3
)
(2.5)
W± ≡ W
1 ∓W 2√
2
(2.6)
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Table 2.2.: List of bosons and their properties [7].
Particle Symbol Mass / GeV Charge / e Spin associated force
photon γ 0 0 1 electromagnetic
gluon g 0 0 1 strong
W boson W± 80.385± 0.015 ±1 1 weak
Z boson Z 0 91.188± 0.002 0 1 weak
Higgs h0 125.7± 0.4 0 0 Higgs mechanism
The interactions caused by the strong nuclear force are described by quantum
chromodynamics (QCD) based on the Yang-Mills theory [12] of SU(3). The gauge
bosons corresponding to the SU(3) describing the strong nuclear force are the
massless gluons. The interaction between quarks induced by the strong nuclear
force is realized by the exchange of gluons, which are coupling to the color charge
of the quarks. Unlike the photon of the electromagnetic force, the gluon itself
carries color charge, resulting in the capability of coupling to other gluons. This
self coupling leads to color confinement. When a quark propagates away from its
color balanced system an exchange of gluons will compensate the imbalance in
color caused by escaping quark. This gluon exchange forms a color tube resulting
in a strong force pulling the quark back. At a certain separation distance it then
becomes energetically favorable to produce a quark-antiquark pair and neutralize
the color imbalance by forming a color-confined hadron with the escaping quark.
This process is called hadronization and it has two direct consequences. There is
no possibility to observe free quarks and when an interaction produces a quark it
will hadronize into a bulk of hadrons to confine the color. This bulk of hadrons
is called a jet and its experimental detection serves to reconstruct the energy and
directions of the initial quark. A summary of the properties of the Standard Model
bosons can be seen in Table 2.2.
Breaking of Electroweak Symmetry
The electroweak theory has been formulated with all bosons being initially mass-
less. However, the W and Z bosons must have mass due to the short range charac-
ter of the weak force but an attempt to add a mass term for the W and Z bosons to
the Lagrangian would destroy local gauge invariance. The solution to this prob-
lem is the formulation of the interactions with massless bosons followed by the
introduction of particle masses through the Higgs mechanism [3–6] in which an
additional complex Higgs doublet
13
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Φ =
1√
2
( √
2φ+
φ0 + i · a0
)
(2.7)
is added to the Standard Model. In addition a scalar potential for the Standard
Model of
V (Φ) = m2Φ†Φ+ λ(Φ†Φ)2. (2.8)
is introduced. In the case that the quadratic part of the potential is negative the
neutral component of the scalar doublet acquires a non-zero vacuum expectation
value
〈Φ〉 = 1√
2
(
0
ν
)
(2.9)
Due to the breaking of the local gauge symmetry four massive Nambu-Goldstone
boson mass eigenstates arise. Three of those eigenstates are identified as the now
massive W and Z bosons with the masses
M2W =
g2ν2
4
, M2Z =
(g ′2 + g2)ν2
4
(2.10)
The remaining eigenstate represents the neutral scalar Higgs boson. The existence
of this scalar boson is crucial to avoid divergences on tree-level and preserve the
unitarity in WW scattering. The vacuum expectation value of the Higgs field
ν = (
√
2GF )
−1/2 ≈ 246 GeV is fixed by the Fermi coupling GF which is determined
to very high precision from muon decay measurements. The fermions acquire
mass by the introduction of Yukawa interactions with the Yukawa couplings
λf =
√
2mf
ν
. (2.11)
The coupling of the electroweak bosons to the Higgs boson is given by
gV =
2m2V
ν
. (2.12)
It is crucial to measure these couplings of the Higgs boson to the Standard Model
particles in order to verify their mass dependence and therefore the expectations
of the Higgs mechanism.
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Figure 2.1.: Feynman diagrams for the dominant production processes of the Higgs boson
at the LHC. Left: Gluon Fusion. Right: Vector Boson Fusion (VBF).
2.3 The Higgs Sector
Production
The Higgs boson predicted by the Standard Model has five possible production
modes at the Large Hadron Collider. The two dominant production modes are
the Gluon Fusion where two gluons from the colliding protons form a Higgs
via a fermion triangle (figure 2.1a) and the Vector Boson Fusion (VBF) where the
protons each radiate a W or Z boson which together form the Higgs boson (fig-
ure 2.1b). The other possible processes are the Higgs production in association
with a W or a Z boson or in association with a pair of top quarks. The production
cross sections for the different processes and their dependence on the mass of the
Higgs boson are shown in Figure 2.2.
Since the Gluon Fusion process is clearly the dominant production mechanism
it will be in the focus of a search for the Higgs boson. Although the cross section
for the Vector Boson Fusion production is roughly an order of magnitude lower,
its unique topology with two additional jets in the forward-backward region can
be used to distinguish signal events from background processes with similar final
states but significantly different event topologies.
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Figure 2.2.: Left: Production cross section for the different Higgs production processes at
the LHC for a center-of-mass energy of 8 TeV. Right: Branching Ratios for
different decay modes of the Standard Model Higgs boson in dependence of
the Higgs bosons mass. [13,14]
Decay
Due to the construction of the fermionic mass terms in the Standard Model La-
grangian the Yukawa coupling of the fermions to the Higgs boson is proportional
to the fermion mass. The coupling to the massive gauge bosons of the Standard
Model are proportional to the square of their mass. As seen in Figure 2.2b this
results in the dominant decay channel of the Higgs boson being that into the
heaviest pair particles which are kinematically allowed. This means, that for a
low Higgs mass the decay into b quarks is the main decay channel. The decay of
Higgs boson into a pair of gauge bosons (WW ,ZZ ) is possible even below their
mass threshold because the gauge bosons are produced off mass shell and are
only virtual particles. Only their decay products are reconstructed in the detector.
Once the bosons can be produced on mass-shell the decay channels involving the
Standard Model gauge bosons become dominant. Going to even higher masses,
at some point the decay into a pair of top quarks becomes possible and becomes
a relevant decay mode. Due to the small mass of the muon, the decay branching
ratio of the Standard Model Higgs boson into muons is very low. For a Higgs
mass of 125 GeV the branching fraction of the Standard Model Higgs boson in the
decay into two muons is as low as 2.2× 10−4 . Nevertheless the decay channel
offers a clean signal with the possibility to reconstruct the Higgs boson invariant
mass. Furthermore is it important to measure all couplings of a possible Higgs
candidate in order to identify it through its properties as the Standard Model
Higgs boson.
16
The Higgs Sector 2.3
 (GeV)ℓ4m
80 100 120 140 160 180
E
ve
nt
s 
/ 3
 G
eV
0
2
4
6
8
10
12
14
16
Data
Z+X
*, ZZγZ
=125 GeVHm
CMS
-1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs
 (GeV)ℓ4m
120 140 160
E
ve
nt
s 
/ 3
 G
eV
0
1
2
3
4
5
6  > 0.5DK
 (GeV)γγm
110 120 130 140 150S
/(S
+B
) W
ei
gh
te
d 
E
ve
nt
s 
/ 1
.5
 G
eV
0
500
1000
1500
Data
S+B Fit
B Fit Component
σ1±
σ2±
-1 = 8 TeV, L = 5.3 fbs-1 = 7 TeV, L = 5.1 fbsCMS
 (GeV)γγm
120 130
E
ve
nt
s 
/ 1
.5
 G
eV
1000
1500
Unweighted
Figure 2.3.: Left: Invariant mass distribution of the four leptons selected in the in the
h → ZZ → 4` search channel. Right: Combined invariant mass distribution
of the two photons selected in the h→ γγ selection categories weighted with
their expected sensitivity. [1]
Discovery and Measured Properties
In a joint presentation during the international conference for high energy physics
(ICHEP) on the 4th of July 2012 the ATLAS and CMS collaborations announced
the discovery of a scalar boson with a mass of 125 GeV. As expected for a Higgs bo-
son in this mass range, the most significant deviations from the background-only
hypothesis were found in the “golden channel” h0 → ZZ → 4` and the di-photon
decay channel h0 → γγ. The CMS analyses in these search channels reach a sig-
nificances of 3.2 σ and 4.1 σ respectively, resulting in a combined significance of
5.9 σ [1]. The corresponding analyses performed by the ATLAS collaboration re-
sult in a combined significance of 5.8 σ [2]. In comparison the CMS results are
lower than the expected significance for a Standard Model Higgs Boson with a
mass of 125 GeV while the results of the ATLAS searches are higher than expected
for the Standard Model Higgs boson.
Since the new particles decay into two photons is established its spin has to be
an even integer, thus identifying it as a boson. With additional statistics recorded
in the LHC Run I the two experiments were able to expand the knowledge about
the discovered particle even further. Detailed studies in the h0 → ZZ → 4`,
h0 → WW ν`ν` and h0 → γγ search channels offer insights to the spin-parity and
tensor structure of the discovered particle [15]. The analysis can exclude a wide
range of hypotheses of spin-two Higgs bosons and mixed-state spin-one models.
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The observations are consistent with the spin-zero Higgs boson with positive par-
ity as expected by the Standard Model.
The additional data also allows a precise measurement of the new boson’s mass.
Complementary to the two channels already showing signals the additional data
revealed significant excesses in the h0 → WW and h0 → ττ channels and first
indications for an excess in the h0 → bb channel. The mass is measured as
mCMSh = 125.02
+0.26
−0.27(stat)
+0.14
−0.15(sys)GeV
by the CMS experiment [16] and as
mATLASh = 125.36± 0.37(stat)± 0.18(sys)GeV
by the ATLAS collaboration [17].
Combining the informations of all selection categories in all search channels
enables the opportunity to perform a fit to the signal strength of each available
production mechanism and decay channel relative to the Standard Model predic-
tion. As shown in Figure 2.5, the result of the combined fit performed by the CMS
collaboration is in very good with the Standard Model predictions achieving a
combined relative signal strength of σ/σSM = 1.00± 0.14. The consistency of the
fitted signal strength and the results of the spin analyses reinforce the presump-
tion that the discovered particle is indeed the Standard Model Higgs boson.
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Figure 2.5.: Values of the best-fit σ/σSM for the combination (solid vertical line) and for
sub-combinations by predominant decay mode (left) and production mech-
anisms (right). The horizontal bars indicate the ±1σ combined statistical
and systematic uncertainty in the best-fit σ/σSM values for the individual
modes. [16]
However, only the h0 → ττ search channel explores the coupling of the Higgs
boson to leptons. The search in the di-muon channel, presented in this thesis,
enables the opportunity to distinguish whether the couplings of the leptons to the
Higgs boson follow the mass-dependent prediction of the Standard Model or if
they are universal for all lepton flavors like for the coupling to the W and Z boson.
2.4 Issues and Limitations of the Standard Model
Neutrino Masses
The Higgs mechanism is a very simple addition to the Standard Model describ-
ing the generation of the fermionic and gauge boson masses. The only additional
parameters introduced into the theory are the Yukawa couplings of the Higgs to
the other Standard Model particles, represented by the particle masses, and the
mass of the Higgs boson itself. Although in the context of the Higgs mechanism
the neutrinos are assumed to be massless, the experimentally established phe-
nomenon of neutrino oscillations [18,19] requires the neutrinos to have a nonzero
mass.
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Figure 2.6.: Extrapolation of the gauge couplings αi to higher energies. Left: Assuming no
physics beyond the standard model. [21] Right: Assuming a specific parameter
point of the Minimal Supersymmetric Standard Model designed to unite the
couplings. [22]
Cosmology and Dark Matter
As mentioned above the Standard Model only describes three of the four fun-
damental forces in nature leaving out gravity. Furthermore from cosmological
observations like the coma cluster, it has become obvious that the universe con-
sists of more than the baryonic matter described by the Standard Model. In fact
from measurements like the WMAP experiment [20] it is known, that the bary-
onic matter only accounts for 4.6% of the energy density of the universe. The
rest consists of the yet unknown entities of dark matter and dark energy. In its
current form the Standard Model has no description or candidates for these major
constituents of our universe.
Unification of Gauge couplings
The unification of the electromagnetic and the weak nuclear force in the elec-
troweak theory is a huge success. Using it as a blueprint to combine the three
fundamental forces described by the Standard Model would be desirable, but this
would require that they comply to a common symmetry. At low energy scales, as
observed in particle physics experiments today, this symmetry would be broken
but above a certain point the couplings would unite and could be combined into
a common coupling above the unifying scale. As shown in Figure 2.6, through
extrapolation of the gauge couplings to higher energies a unification of the cou-
plings is not possible without the introduction of physics beyond the Standard
Model.
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H
f
H
S
Figure 2.7.: One-loop quantum corrections to the Higgs squared mass parameter m2H , due
to a Dirac fermion f (left), and a scalar S (right). [23]
Hierarchy Problem
Another issue arising in the context of the Higgs mechanism is the hierarchy prob-
lem. It is a fine-tuning problem which appears when calculating loop-corrections
to Feynman diagrams which feature the exchange of a Higgs boson. When calcu-
lating the Higgs mass parameter mH , it is necessary to take into account diagrams
featuring fermion loops as displayed in the left part of Figure 2.7. A correction to
the Higgs mass corresponding to such a diagram for a contributing fermion with
a coupling λf to the Higgs boson is given in equation 2.13 [23].
∆m2H = −
|λf |2
8pi2
Λ2UV + .... (2.13)
In this case the parameter ΛUV is a cutoff scale to regulate the loop integral and
can be interpreted as an energy scale at which new physics begins to alter the
high-energy behavior of the theory. Since there are no hints for new physics at
currently accessible energy scales and no information about its nature the cutoff
scale ΛUV could be of the order of the the Planck scale MP which would lead the
quantum corrections to increase m2H some 30 orders of magnitude above the value
of m2H ∼ (100 GeV)2. The choice of the cutoff scale is crucial because it immediately
affects the masses of the Standard Model gauge bosons. Scalar particles coupling
to the Higgs boson would introduce similar corrections through a diagram shown
on the right side of Figure 2.13 leading contributions with the opposite sign of the
form
∆m2H =
λS
16pi2
[
Λ2UV − 2m2S ln
(
Λ2UV
mS
)
+ ...
]
. (2.14)
The different sign of the scalar particle corrections lead to the idea of supersym-
metry.
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2.5 Supersymmetry and the Minimal Supersymmetric Standard
Model
Concepts
The theory of supersymmetry is a massive extension of the Standard Model of
particle physics. It is a possible solution to the hierarchy problem introduced
in the previous chapter. Comparing equations 2.13 and 2.14 it is obvious that
contributions from scalar particles to the Higgs boson mass can cancel out the
corrections introduced by the presence of the Standard Model fermions. When
assuming the same couplings λS = |λf |2 the corrections would cancel out exactly
when there is a boson for each fermionic chirality state of the Standard Model.
Supersymmetry represents a symmetry with respect to an operator Q which
changes the spin of a particle by 1/2
Q |fermion〉 = |boson〉 (2.15)
Q |boson〉 = |fermion〉 (2.16)
To solve the hierarchy problem additional particles are introduced that possess
the same quantum numbers as their Standard Model equivalents, except the spin.
They are called superpartners. In this sense the Minimal Supersymmetric Stan-
dard Model (MSSM) is a supersymmetric model that introduces the least possible
amount of new particles to the Standard Model.
Additional Particle Content
The MSSM introduces a bosonic superpartner for each chirality state of Standard
Model fermions. These partners are called sparticles and their names are derived
from their Standard Model counterparts by adding the letter s (selectron, smuon,
stau, etc.) The superpartners of the Standard Model bosons are named by ap-
pending the suffix ino. They are introduced as partners to the gauge bosons for
the weak isospin W i (i = 1, 2, 3) and the weak hypercharge B . These superpartners
mix in a similar way as in the electroweak theory. Together with the superpartners
of the Higgs sector, the Higgsinos, they mix into four charged and four neutral
fermions. The charged mass eigenstates are called charginos (χ±1 ,χ
±
2 ). The neutral
mass eigenstates are called neutralinos (χ0i , i = 1 ... 4), with the index representing
the mass hierarchy. The supersymmetric sector groups the Standard Model parti-
cles and their supersymmetric counterparts in multiplets. The particle content of
these multiplets and their quantum numbers are shown in Table 2.3
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Table 2.3.: Supermultiplets for the Standard Model particles and their superpartners.
Names Spin 0 Spin 1/2 SU(3)C , SU(2)L,U(1)Y
fermions
squarks, quarks Q
(
u˜L d˜L
)
(uL dL)
(
3, 2, 16
)
(× 3 generations) u u˜R uR
(
3, 1, 23
)
d d˜R dR
(
3, 1,−13
)
sleptons, leptons L (ν˜L e˜L) (νL eL)
(
1, 2,−12
)
(× 3 generations) e e˜R eR (1, 1,−1)
Names Spin 1/2 Spin 1 SU(3)C , SU(2)L,U(1)Y
bosons
gluino, gluon g˜ g (8, 1, 0)
winos, W bosons W˜± W˜ 0 W± W 0 (1, 3, 0)
bino, B boson B˜0 B0 (1, 1, 0)
Names Spin 0 Spin 1/2 SU(3)C , SU(2)L,U(1)Y
Higgs sector
Higgs, higgsinos Hu
(
H+u H
0
u
) (
H˜+u H˜
0
u
) (
1, 2, 12
)
Hd
(
H+d H
0
d
) (
H˜+d H˜
0
d
) (
1, 2,−12
)
R-Parity
Introducing supersymmetric particles leads to many new possible particle inter-
actions. Some of those interactions would contradict previous observations. The
stability of the proton, for example could be drastically threatened by the exis-
tence of supersymmetry and feynman diagrams jeopardizing its stability must
be suppressed. This is usually realized by introducing a new quantum number
which has to be conserved in all interactions. This new quantum number is called
matter-parity or R-parity. It is defined as
PR = (−1)3(B−L)+2s (2.17)
with B being the baryon number, L being the lepton number and s being the
spin of the particle. For the Standard Model particles this results in an R-parity of
1 while for the superpartners it results in an R-parity of -1. The conservation of R-
parity has several implications for interactions in the MSSM. Superpartners have
to be produced in pairs in order to conserve R-parity at the production vertex. It
also implies that the lightest supersymmetric particle (LSP) is stable.
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Parameter Space and the Constrained MSSM
If supersymmetry were an unbroken symmetry the superpartners would have
the same mass as their Standard Model counterparts. Supersymmetry has not
been observed in nature up to presently available energies sufficient to observe
the three generations of Standard Model fermions. Thus, if at all realized, it is
obviously a broken symmetry. The breaking of supersymmetry can be accom-
plished by adding a symmetry breaking term to the Lagrangian. There are many
models trying to accommodate this term. One possible description is a Planck-
scale-mediated supersymmetry breaking model in which the spontaneous break-
ing sector connects with the MSSM sector mostly through gravitational-strength
interactions, including the effect of supergravity [24]. This model is called minimal
supergravity (mSUGRA) or constrained MSSM (CMSSM). By breaking the symme-
try the number of free parameters in the model is increased dramatically because
the masses of the superpartners are no longer fixed to their counterparts. This
would lead to 32 additional free parameters. As simplification the model assumes
that the masses of the squarks and sleptons evolve with energy and unite to a
common mass m0 at the unification scale (GUT-scale). Similarly the masses of
the gauginos unite to a common mass m1/2. The evolution of the renormalization
groups is illustrated on the left side of Figure 2.8. To make reasonable predictions
for the MSSM the mSUGRA model reduces the amount of free parameters to four
continuous and one discrete parameter
• m1/2: common gaugino mass at the GUT-scale
• m0: common sfermion mass at the GUT-scale
• A0: common trilinear Higgs-sfermion coupling
• tan β: ratio of the vacuum expectation values (VEV) of the two Higgs dou-
blets
• sgn(µ): sign of the higgsino mass parameter
The mSUGRA model is only one possible hypothesis to break supersymmetry.
Other models for example use ordinary gauge interactions to break supersymme-
try (GMSB) or introduce extra dimensions to screen the Standard Model particles
from the supersymmetry breaking sector. The Higgs sector in the MSSM is not
sensitive to the choice of supersymmetry breaking.
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Figure 2.8.: Left: Mass evolution to higher energy scales Q for the supersymmetric par-
ticles in an MSSM broken through the mSUGRA model. Right: Masses of
the MSSM Higgs bosons h0, H0 and H± depending on the mass of the pseu-
doscalar MSSM Higgs boson A0.
Features
Solving the hierarchy problem was an integral part leading to the concept of su-
persymmetry. Furthermore supersymmetry can offer solutions to other issues
of the Standard Model. In case a R-parity conserving supersymmetric model is
realized in nature, the lightest supersymmetric particle would be stable and, if
electromagnetically neutral, could offer a dark matter candidate. Beyond that, the
introduction of new physics above a certain energy scale changes the evolution of
the gauge couplings, as depicted in Figure 2.6. This may result in a unification of
the couplings at a certain point offering the opportunity for a grand unification of
the forces.
Implications for the Higgs Sector
The Higgs sector in the MSSM is significantly different to the Higgs boson of the
Standard Model. In the MSSM two Higgs doublets are needed coupling to up
and down-like fermions respectively. This introduces 8 mass eigenstates. Similar
to the Standard Model, three of these eigenstates can be identified with the W and
Z bosons. The remaining five degrees of freedom result in five Higgs bosons. The
two charged Higgs bosons H± and three neutral Higgs bosons A0, H0 and h0.
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As presented on the right side of Figure 2.8 the mass of the scalar Higgs bosons
in the MSSM is directly dependent on the mass of the pseudoscalar Higgs boson
A0 and tan β by the equations
m2h0,H0 = 1/2
(
m2A0 +m
2
Z ∓
√
(m2
A0
−m2Z )2 + 4m2Zm2A0 sin2(2β)
)
(2.18)
m2H± = m
2
A0 +m
2
W (2.19)
At tree level this would result in a upper mass bound for the light scalar Higgs
boson
mh0 < mZ | cos(2β)| (2.20)
Such a light Higgs boson would have been discovered at LEP2. However, due to
the supersymmetry-breaking parts of the MSSM Lagrangian, radiative corrections
similar to those in the hierarchy problem (see Figure 2.7) can increase the mass of
the light scalar Higgs. Assuming that the masses of all sparticles contributing to
loop corrections do not exceed 1 TeV, thus preserving the solution of the hierarchy
problem, it is possible to push the upper limit to
mh0 ≤ 135 GeV (2.21)
The choice of a point in the parameter space of the MSSM fixes this upper bound.
Before the discovery of the SM Higgs boson the usual scenario fixing several
MSSM parameters was the mmaxh scenario. The parameters chosen in this scenario
intend to maximize the mass of the light scalar Higgs boson h0 and it leads to
comparable conservative exclusion limits. Due to the additional knowledge of the
SM Higgs boson discovery modified versions of this scenario are introduced [25]
utilizing the light scalar MSSM Higgs as the discovered boson. These scenarios,
called mmod+h and m
mod−
h assure the consistency of the MSSM model with the SM
Higgs discovery over the investigated parameter plane. This is not certain for the
old mmaxh scenario.
Other possibilities are the light stop scenario, which leads to a modification in
the rate for the Gluon Gluon Fusion production, and the light stau scenario, pri-
marily changing the branching fraction for the Higgs to decay into photons. These
scenarios are expected to mostly affect the cross section of the different production
channels and not the kinematic properties of the event topology.
The analysis is primarily based on the mmod+h scenario and compares its results
with the other benchmark scenarios. The MSSM parameters for the different sce-
narios considered in the analysis are shown in Table 2.4
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Table 2.4.: MSSM Higgs sector scenarios considered in this analysis. [25]
SUSY parameter mmaxh m
mod−
h m
mod+
h light stop light stau
MSUSY [GeV] 1000 1000 1000 500 1000
µ 200 200 200 350 500
M2 [GeV] 200 200 200 350 200
XOSt /MSUSY 2 1.5 −1.9 2 1.6
X M¯St /MSUSY
√
6 1.6 −2.2 2.2 1.7
mg˜ [GeV] 1500 1500 1500 1500 1500
ml˜3/[GeV] 1000 1000 1000 1000 245
Figure 2.9.: Feynman diagrams for the dominant production processes of the neutral
MSSM Higgs boson at the LHC. Left: Gluon Fusion. Right: associated
production with bottom quarks.
The relevant production processes for the Higgs bosons in the MSSM are differ-
ent from those in the Standard Model. In addition to the Gluon Fusion produc-
tion mechanism, the associated production with bottom quarks is enhanced in the
MSSM for larger values of tan β. As shown on the left side of Figure 2.10 this pro-
duction mechanism is actually dominant for higher values of tan β. Furthermore,
on the right side of Figure 2.10 it is obvious that tan β has a direct impact on the
properties of the Higgs bosons as higher values of tan β increase the branching ra-
tio into muons for the heavier MSSM Higgs bosons A0 and H0. This enhancement
and the discriminating power of the additional bottom quarks in the final state
make the b-associated production channel even more important.
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2.6 Properties of the Di-Muon decay channel
The decay channels of both searches can be characterized by two relatively en-
ergetic muons with opposite charge. The muons tend to be well separated and
isolated from the rest of the jets in the event. In all production channels there
is only a low amount of energy occupied by neutrinos resulting in a low miss-
ing transverse energy of the reconstructed event. In the Standard Model analysis
the Vector Boson Fusion channel has a unique jet topology. Events produced via
the Vector Boson Fusion diagram are accompanied by two jets which fly into the
forward region of opposing hemispheres. In the MSSM analysis the b-associated
production channel is unique due to the presence of two b jets which can be used
to separate the signal events from the background.
2.7 Important Background Processes
In each Feynman diagram describing the signal the Higgs boson can be replaced
by a Z boson decaying into two muons. The result is a dominant background with
very similar behavior to the signal. When focussing on a particular diagram and
exploiting its unique features it is possible to reduce large amounts of the overall
background from Z boson production, but there remains always an irreducible
component.
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Another important background contribution comes from the production of top
quark pairs. Here both W bosons produced in the decay of the two top quarks
can decay into a muon and an anti-muon neutrino. The process has a fairly high
production cross section, but it possesses significantly different properties than the
signal which can be exploited to discriminate the signal against this background.
Minor background contributions that can have two muons of opposite charge
in the final state include the production of two electroweak gauge bosons (WW ,
ZZ and WZ ). There are also production channels for a single top quark, alone
or in association with a W boson, leading to a final state with two muons. The
production of a single W boson in association with jets is also considered due to
its huge cross section. It is very unlikely that this process produces two isolated
muons, but a misreconstructed event could survive the selection.
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Experimental Setup
3.1 The Large Hadron Collider
In march of 1984, three years before the tunnel for the Large Electron Positron
Collider (LEP) was finished, during a workshop in Lausanne, Switzerland, the
feasibility of a hadron collider in the tunnel was discussed [29]. First proposed
to be operated with its predecessor LEP still in place, it later became more con-
venient to dismantle the old collider first, in order to have more room for con-
struction in the 27 km circumference tunnel. Because the Higgs boson was not
discovered at the LEP and TEVATRON colliders, all hopes were set in this Large
Hadron Collider (LHC). Though operated in the same tunnel as its predecessor,
the LHC can reach much higher center-of-mass energies because hadron colliders
are not as vulnerable to energy loss caused by synchrotron radiation as circular
electron-positron colliders.
The LHC was constructed to accelerate and collide protons and heavy nuclei. The
LHC is home to four major experiments located at four interaction points. The
ALICE experiment is specialized to study quark-gluon plasma in heavy ion colli-
sions. The LHCb experiment is devoted to b-physics and in particular to the search
for CP-violating processes in bb¯ events. The remaining two experiments, CMS
and ATLAS are multi-purpose detectors capable of addressing searches for new
physics in several areas. A detailed visualization of the LHC, its pre-accelerators
and the location of the experiments can be seen in Figure 3.1.
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Figure 3.1.: Schematic representation of the LHC accelerator complex. [30]
The LHC was designed for a center-of-mass energy of
√
s = 14 TeV and an in-
stantaneous luminosity of 1034 cm−2s−1. It started operations on September 10,
2008 when for the first time beams were circulated in the storage ring. Unfor-
tunately, only 9 days later a faulty electrical connection led to a magnet quench
and a leak in the liquid cooling system. The escaping liquid helium expanded
rapidly coming into contact with the air in the underground cavern and causing
severe physical damage to the magnets and the beam pipe. After a whole year
of repairs, operations resumed on November 30, 2009 with collisions at injection
energy following three days later. Due to concerns about additional undetected
faulty electric connections that might lead to similar catastrophic incidents, the
decision was taken not to operate the LHC at the designed center-of-mass en-
ergy of
√
s = 14 TeV. Instead, on March 30, 2010 for the first time collisions
at
√
s = 7 TeV were delivered. The first proper year of operation was used to
study the accelerator and slowly increase the instantaneous luminosity. Overall,
in 2010 an integrated luminosity of
∫ L = 44.22 pb−1 was delivered by the LHC
to be analyzed by the experiments. At the end of the year an instantaneous lu-
minosity of L = 2.04 · 1032 cm−2s−1 was achieved. In 2011 the luminosity could
be increased further and the collider could deliver an integrated luminosity of
32
The Large Hadron Collider 3.1
Table 3.1.: LHC Storage Ring and Beam parameters during Run I. [31]
description values
injection collision
ring circumference 26658.88m
proton energy 450 GeV 7/8 TeV
number of particles per bunch 1.15 · 1011
designed number of bunches 2808
maximum of colliding bunches 2010 348
maximum of colliding bunches 2011 1331
maximum of colliding bunches 2012 1380
designed time between bunch crossings 25 ns
actual time between bunch crossings 50 ns
peak instantaneous luminosity 2010 2.04 · 1032 cm−2s−1
peak instantaneous luminosity 2011 3.54 · 1033 cm−2s−1
peak instantaneous luminosity 2012 7.67 · 1033 cm−2s−1
circulating beam current 0.584 A
stored energy per beam 23.3MJ 362MJ
energy loss per turn 0.115 ev 6.71 keV
RMS bunch length 11.24 cm 7.55 cm
RMS bunch size at CMS 375.2µm 16.7µm
half crossing angle at CMS ±160µrad ±142.5µrad
number of main bends 1232
length of main bends 14.3m
field of the main bends 0.535T 8.33T
bending radius 280.95m
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∫ L = 5.32 fb−1 to the multipurpose experiments CMS and ATLAS. The machine
reached an instantaneous luminosity of L = 3.54 · 1033 cm−2s−1. In 2012 the LHC
increased its center-of-mass energy to
√
s = 8 TeV. The LHC accelerator group
could further increase the instantaneous luminosity to L = 7.67 · 1033 cm−2s−1,
almost reaching the design goal, although the time between bunch crossings of
50 ns was still twice as high as proposed in the technical design report [31]. This
increase made it possible to provide an integrated luminosity of
∫ L = 23.26 fb−1
to the experiments. In the first long shutdown started in 2013 the accelerator team
is thoroughly checking and refurbishing the electric connections of the magnets in
order to make it possible to accelerate the beams up to 6.5 - 7 TeV in Run II of LHC
operations. A detailed summary of the LHC design and operation parameters is
given in Table 3.1.
3.2 The Compact Muon Solenoid Experiment
The Compact Muon Solenoid (CMS) experiment, illustrated in Figure 3.2, is a
multi-purpose detector installed at the access point 5 of the LHC accelerator. The
design of the detector is obviously influenced by one of its main assignments, the
search for the Higgs boson. The excellent momentum resolution for lepton recon-
struction in the inner tracker and the muon system are essential in the search for
the Higgs in the golden channel H → ZZ → 4l . Additionally the design of the
electromagnetic calorimeter provides a good di-photon mass resolution (≈ 1% at
mγγ = 100 GeV) which is vital in the H → γγ search channel. The discovery of the
Higgs boson in 2012 endorses the choices above.
The CMS detector employs a right-handed cartesian coordinate system with its
origin at the nominal interaction point. While the x-axis is directed towards the
center of the LHC accelerator ring, the y-axis points vertically upwards and the
z-axis is directed along the beam-line. Due to the rotationally symmetric design
of the detector it is also convenient to use polar coordinates. In this case the az-
imuth angle ϕ is measured from the x-axis in the x-y-plane and the polar angle
θ is measured from the z-axis. In this context it is often more useful to use the
Lorentz-invariant pseudorapidity variable
η = − ln
(
tan
θ
2
)
. (3.1)
With dimensions of 28.7 m in length, 15.0 m in diameter and a weight of 14000 t
it seams far-fetched to call the detector compact, but when taking a look at the
schematic illustration in Figure 3.2 it is obvious that every bit of space inside the
experiment has been sensibly used to guarantee the best possible particle recon-
struction.
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SUPERCONDUCTING SOLENOID
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MUON CHAMBERS
Barrel: 250 Dri" Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers
FORWARD CALORIMETER
Steel + Quartz #bres ~2,000 Channels
STEEL RETURN YOKE
12,500 tonnes
HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
CRYSTAL 
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~76,000 scintillating PbWO4 crystals
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CMS DETECTOR
Figure 3.2.: Schematic illustration of the CMS detector. [33]
The CMS detector consists of layers of different types of particle detectors to re-
construct the different species of particles expected from proton collisions. In the
following sections these sub-detector layers are introduced and their performance
is shortly summarized. A detailed description of the experiment can be found
elsewhere [32].
Pixel Detector
The inner part of the CMS experiment consists of silicon detectors to reconstruct
the trajectories of charged particles. The magnetic field of the superconducting
solenoid forces charged particles to move on a helical path. The momentum of
the charged particles is obtained through the curvature of the particle trajectories
in the magnetic field.
Due to the high flux of charged particles generated by the collisions, and in order
to have a low enough occupancy per bunch crossing the inner-most sub-detector
is a pixel detector. The pixel detector consists of three barrel layers and two end-
cap disks on each side with a total of 66 million pixels. The size of the pixels is
approximately 100× 150µm2 resulting in a total active area of roughly 1 m2.
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Figure 3.3.: Schematic illustration of the CMS pixel detector.
The three barrel layers are located at radii of 4.4 cm, 7.3 cm and 10.2 cm from the
center of the beamline respectively. The endcap-disks are located at |z | = 34.5 cm
and |z | = 46.5 cm while extending in radius from 6 to 15 cm. The pixel detector
covers a pseudorapidity of |η| < 2.5. A schematic illustration of the configuration
of the modules of the pixel detector is given in Figure 3.3.
Silicon Tracker
The silicon strip tracker of the CMS experiment consists of four different parts.
The inner part, called Tracker Inner Barrel (TIB), consists of four layers of sili-
con strip modules arranged parallel to the beam line and forming a cylinder. The
2724 modules in the TIB are 320µm thick and have a strip pitch varying from 81 to
118µm. The TIB reaches up to |z | < 65 cm and covers a range of 20 cm < r < 55 cm.
The cylinder of the TIB is closed off on each side by three discs of modules form-
ing the Tracker Inner Discs (TID +/−). The TID consist of 816 modules which
are 320µm thick as well and have a strip pitch variing from 97 to 143µm. The two
inner rings of the TID disks and the two inner layers of the TIB consist of stereo
modules. The stereo modules consists of two single modules rotated with respect
to each other and mounted on a common frame. The stereo angle between the
modules is chosen to be 100 mrad. The stereo angle between the modules serves
to reconstruct the z-coordinate of the charged particle trajectory. In the r − φ plane
a single-point resolution of 23− 34µm can be achieved. The resolution of the mea-
surement of the z-coordinate is 230µm.
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Figure 3.4.: Schematic illustration of the CMS silicon strip tracker modules.
The inner part of the silicon tracker is enclosed by six barrel layers of mod-
ules forming the Tracker Outer Barrel (TOB). The TOB consists of 5208 modules
which are 500µm thick and have a strip pitch variing from 81 to 183µm. Closing
up the inner tracking detector are the two Tracker Endcaps (TEC +/−) consist-
ing of nine disks of silicon strip modules each. The endcaps cover a region of
120 cm < |z | < 280 cm. The modules are arranged in rings with their strips point-
ing toward the beam line. The strip pitch of the rings varies with the distance to
the beamline from 96 to 183µm.
Overall the silicon strip detector consists of about 15400 modules. It is 560 cm
long and covers a region of 20 cm < r < 110 cm. Its 9.6 million strips provide an
active area of approximately 200 m2 and are capable to reconstruct charged parti-
cles up to a pseudorapidity of |η| < 2.4.
The performance of the inner tracking system has been monitored closely during
the first phase of operations from 2009 to 2013 [34]. The left part of Figure 3.5
shows the modules of the different parts of the silicon strip detector and their
performance efficiency during Run I. Green areas show active modules while red
and grey areas show unusable modules of the silicon strip tracker. The latter are
either too noisy to be used for particle detection or they do not respond at all. The
right side of Figure 3.5 shows the detection efficiency of the various parts of the
detector. The overall efficiency is well above 90% in all parts and it is very close
to 100% when only considering properly operating modules. Overall, 96% of the
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Figure 3.5.: Performance efficiency map of the CMS silicon strip tracker. [34]
CMS silicon trackers channels are fully operational and even in events with a high
number of primary vertices a tracking efficiency of > 99.5% was measured using
the tag and probe technique in Z → µµ events by matching muons reconstructed
in the muon system with tracks in the silicon tracker.
Electromagnetic Calorimeter
The Electromagnetic Calorimeter (ECAL) of the CMS experiment is constructed
from scintilating lead tungstate (PbWO4) crystals. The scintilating crystals have a
radiation length of X0 = 0.89 cm and a Moliere length of 2.2 cm. The crystals are
resilient enough to absorb 10 Mrad of radiation while staying operational, which
is essential in the harsh environment during collisions. With 80% of the light pro-
duced by the detected particles emmited within 25 ns, the lead tungstate crystals
are fast enough to handle the high frequency of bunch crossings.
The ECAL consists of a cylindrical barrel section closed with an endcap on
each side. The barrel section (EB) of the calorimeter has an inner radius of 129
cm and consists of 61200 crystals with a surface area of 22 × 22 mm2 pointing
to the nominal interaction point region. The crystals are 230 mm long, corre-
sponding to 25.8 radiation lengths. The EB covers a pseudorapidity range up to
|η| < 1.479. The ECAL endcaps (EE) are located at |z | = 314 cm and hold 3662
crystals oriented parallel to the beam line. The endcap crystals have a surface area
of 28.6× 28.6 mm2 and are 220 mm long, corresponding to 24.7 radiation lengths.
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Figure 3.6.: Left: Energy resolution of a supermodule of 3× 3 crystals measured in an
electron test beam. [35] Right: Energy resolution measured in Z → ee events
in dependence of pseudorapidity. The energy resolution is measured by un-
folding a fit of a Breit-Wigner distribution convolved with a Gaussian to the
invariant mass of the two electrons. [36] The grey area represents the transi-
tion region from the barrel into the endcap of the ECAL. This region is usually
not used to reconstruct electrons.
The energy resolution of the ECAL crystals was measured in an electron test
beam using an array of 3 × 3 crystals. The resulting energy resolution and its
dependence on the electron energy is shown in Figure 3.6. It can be parametzized
as a function of energy by
( σ
E
)2
=
(
S√
E
)2
+
(
N
E
)2
+ C 2 (3.2)
with a stochastic term S , a noise term N and a constant C . The energy resolution
was also measured during collisions by reconstructing the Z boson decaying into
two electrons. The right side of Figure 3.6 depicts the dependence of the energy
resolution on the pseudo-rapidity η. It is obvious that the energy resolution is in-
fluenced by the amount of material placed in front of the calorimeter. While in the
barrel region an energy resolution of 1− 2% can be achieved, in the region where
barrel and end-caps are overlapping the energy resolution is only about 4− 5%.
Figure 3.6 also shows that the simulated energy resolution is systematically lower
than in data in order to be able to properly correct it later.
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Figure 3.7.: Schematic illustration of the CMS hadronic calorimeter.
Hadronic Calorimeter
The hadronic calorimeter of the CMS detector (HCAL) surrounds the ECAL and
is located within the supercoducting magnet. The location within the magnet
presents the challenge of operation in a high magnetic field as well as a limita-
tion in space. To maximize the amount of absorber material the active medium
consists of 3.7 mm thick scintillating tiles. The scintillation light is transported by
wavelength-shifting fibers and is read out by multi-channel hybrid photo diodes.
As absorber material brass was chosen, because it has a short radiation length
X0, is easy to process and is non-magnetic. Similar to the other sub-detectors,
the HCAL consists of a barrel and an end-cap section. Furthermore, in order to
improve hermicity and to properly reconstruct the missing transverse energy, the
HCAL has a forward section, located further along the beam pipe, outside of the
muon system. Figure 3.7 shows a schematic illustration of the arrangement of the
HCAL modules arrangement.
The HCAL barrel consists of 2304 towers and covers a pseudo-rapidity region of
|η| < 1.4. Each tower consists of 15 brass plates of 5 cm thickness alternating with
scintillator layers which are 3.7 mm thick. On the inside, facing the ECAL, the
tower begins with a 9 mm thick layer of scintillators, optimized to collect about
1.5 times more light than the rest of the scintillator layers.
With the space available inside the magnet fully utilized, to increase the contain-
ment of hadronic showers, a tail-catcher calorimeter, HCAL Outer (HO), is located
on the outer surface of th superconducting solenoid magnet. The HO consists
of two 10 mm thick layers of scintillators, positioned on both sides of an iron ab-
sorber which is 18 cm thick. The HO covers a pseudo-rapidity region of |z | < 1.26
and samples the energy of hadronic showers that leak out of the inner HCAL and
the magnet. It effectively extends the HCAL’s active medium to 10 absorption
lengths X0.
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Figure 3.8.: Energy resolution of the CMS hadronic calorimeter in central (red), end-cap
(blue) and forward (pink) region.
The end-caps of the HCAL, each consisting of 2304 towers cover a pseudo-rapidity
region of 1.3 < |η| < 3.0. To preserve the hermetic nature of CMS the gap between
the end-cap and the barrel section holding the services to the inner detectors is
inclined by 53 ◦ and points away from the interaction point.
To improve the measurement of the missing transverse energy, the forward sec-
tion of the HCAL (HF) provides additional coverage in the pseudo-rapidity region
3.0 < |η| < 5.0 to improve the missing transverse energy measurement. Due to
the HF, the HCAL can also measure jets in the forward region. The HF is located
outside of the muon system, 11.2 m away from the interaction point. It has a steel
absorber structure with embedded scintillating quartz fibers read out by photo-
multipliers. The absorber structure consists of 5 mm thick steel plates. The scin-
tillating fibers are 0.6 mm thick and are embedded into grooves in the steel plates
separated by 5 mm. The fibers are oriented parallel to the beam line. Half of the
fibers run over the full depth of the absorber (165 cm) while the other half starts
at a distance of 22 cm from the inner surface. This makes it possible to distinguish
between showers generated by electrons and photons and showers produced by
hadrons like kaons and pions. The HF is cylindrically symmetric and consists of
1800 channels. It has an outer radius of 130 cm and an inner radius of 12.5 cm to
accommodate the beam pipe.
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Figure 3.9.: Segment of the CMS detector and illustration of its response to different
particle species.
The granularity of the different parts of the HCAL was chosen to obtain a similar
jet energy resolution in the different pseudo-rapidity ranges. The jet energy reso-
lution in the different regions was measured in MC simulations and can be seen
in Figure 3.8.
Superconducting Solenoid
In order to optimize the momentum resolution in the tracker and the muon system
a high magnetic field is necessary. For the CMS experiment a superconducting
solenoid with a central field of 3.8 T was chosen. The magnet has an interior
diameter of 5.9 m and is 12.9 m long. During operation an energy of 2.7 GJ is
stored in the solenoid. The bending power of the magnet ensures a momentum
resolution of ∆p/p ≈ 10% for a particle with a momentum of 1 TeV. The iron
return yoke used to contain the magnetic field is instrumented to detect muons.
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Figure 3.10.: Schematic view of one quarter of the CMS muon system.
Muon System
The muon system consists of a barrel section covering a pseudo-rapidity range of
|η| < 1.2 closed by an end-cap section on each side extending the pseudo-rapidity
coverage up to |η| < 2.4. For the muon detection three different technologies of
particle detectors are used. The barrel section is segmented into 5 wheels which
are divided into 12 sectors, each covering 30 ◦ of the azimuthal angle. The low
occupancy in the central region makes the use of drift tubes (DT) possible in the
barrel. Cathode strip chambers (CSC) are used in the end-caps, each end-cap
consisting of four disks of detectors. In both, the barrel and the end-cap region,
resistive plate chambers (RPC) are used, mainly for trigger purposes due to their
excellent timing. A detailed view of the muon system is shown in Figure 3.10.
In the central region 250 drift tube chambers are arranged in 4 layers. The cham-
bers are shifted with respect to each other to assure that a muon passing near
the boundary between two chambers will be reconstructed in at least three out
of four layers. In the three inner layer there are three groups of four tubes each
and only two groups in the outer most layer. The first and third group measure
the r − φ coordinate, while the tubes in the second group are rotated by 90 ◦, pro-
viding a measurement of the z coordinate. The drift tube layers are paired with
RPCs. While the two inner layers have a RPC layer on each side, the two outer
layers only have one RPC layer on the inner side. A muon traversing the central
region will be detected in 6 RPCs and 4 DTs resulting in a trajectory consisting of
44 measurements in the DTs and 50 measurements overall.
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Figure 3.11.: Momentum resolution for the muon reconstruction in the central (left) and
forward (right) region. Including the muon system (full system in red) in
the momentum reconstruction improves the momentum resolution for high
energetic muons with respect to the tracker alone (green).
In the muon systems end-caps 468 cathode strip chambers are installed. The
CSCs have a trapezoidal shape and are arranged in rings. Similar to the barrel,
each end-cap consists of four layers of detectors. Each CSC consists of six sections
of radially arranged cathode strips with anode wires perpendicularly to the strips.
Each CSC provides 6 measurements of the traversing particles. In the end-caps
there are RPCs operated as well. Additionally a number of 36 RPC modules in
each of the end-cap cover a pseudo-rapidity range up to |η| < 1.6. Overall the
muon system has about 25000 m2 of active detector planes with nearly 1 million
channels.
The momentum resolution for the muon reconstruction of high muon momenta
(O(TeV)) is improving by combining the tracks in the inner tracking detector and
in the muon system. As shown in Figure 3.11 the momentum resolution for low
energetic muons in the inner tracker is about an order of magnitude better than in
the muon system alone, but for high energies the muon system can improve the
measurement significantly.
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Detector Performance
During Run I of the LHC proton-proton collisions, the CMS detector performed
very reliably. As shown in Figure 3.12 all detector components were active for
more than 95% of operation time.
3.3 Event Reconstruction
Primary Vertices
The first task in the reconstruction of a particle collision is the reconstruction of
the interaction vertex and its association with the tracks originating from it. This
is a big challenge in the LHC environment because, due to the high luminosity,
an average of about 20 interactions per bunch crossing are expected. The vertex
reconstruction for the CMS experiment is performed using the Deterministic An-
nealing algorithm [38]. Primary vertices are required to have at least 4 associated
tracks. Their distance from the nominal interaction point must be less than 2 cm
in the transverse x − y plane and less than 24 cm in the z direction. From the
resulting set of primary vertices, the vertex with the largest sum of transverse mo-
mentum of tracks associated with it is identified as representing the hard process
the analysis is interested in.
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Particle Flow
The event reconstruction is based on the particle flow algorithm [39, 40]. It com-
bines the measurements of the different sub-detectors according to their estimated
response to the different particle species. In the first step of the algorithm the
showers in the calorimeters are clustered. In the next step the inner tracker hits are
fitted to tracks and extrapolated into the calorimeters. Muon candidates are iden-
tified with the muon system. Topologically connected elements are then linked to
each other. Depending on the combined response of the different sub-detectors,
the species of the particle candidate is identified. Figure 3.9 shows the response
of the CMS sub-detectors to different particle species. The particle candidates are
reconstructed using the appropriate reconstruction algorithms described in the
following sections.
Electrons and Photons
The reconstruction of electrons and photons begins with superclusters in the
ECAL. If a supercluster can be matched to a track in the inner tracker it is iden-
tified as an electron, otherwise it is assumed to be a photon. The identification is
intended to be efficient for electrons with a transverse momentum of pT > 5 GeV
and photons with pT > 10 GeV. The selection of candidates is rather loose which
leads to a substantial amount of fake particles. Therefore analyses use additional
quality cuts to improve the purity of the selection.
Muons
Due to the fact that muons have a unique signature, since they are the only particle
measured in the muon system, there are several ways to reconstruct a muon. It is
possible to reconstruct a standalone muon by only using the muon system for the
momentum measurement. But in order to be able to exploit the full performance
of the detector, it is better to combine the muon system information with that of
the inner tracking system. There are two approaches for this.
The outside-in approach begins with a reconstructed segment in the muon system,
extrapolates it into the silicon strip tracker and tries to match it to a track recon-
structed in the inner tracking system. If a track is found, the muon trajectory is
refitted utilizing the measurements of both sub-detectors. Muons reconstructed
this way are called global muons.
Finally, it is possible to reconstruct the muon momentum using only the track
in the inner tracking system. In this inside-out approach, every track in the silicon
tracker is extrapolated to the inner layer of the muon system and provides the seed
for a tracker muon. Energy depositions in the calorimeters and track segments in
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the muon system near the extrapolated trajectory are associated with the muon.
Since by this definition every track is identified as a muon an additional selection
is necessary to reduce the amount of wrongly reconstructed (fake) muons. The
default selection demands a transverse momentum pT > 1.5 GeV and a momen-
tum p > 3 GeV while having at least one associated segment in the muon system.
Obviously the choice of reconstruction algorithm is crucial for all physics anal-
yses dealing with muons. Each algorithm has advantages and disadvantages.
Due to its loose selection criteria and low thresholds, the tracker muon set is
most efficient in reconstructing muons, especially for energetic ones. On the other
hand this algorithm only considers the inner tracking system in the momentum
reconstruction, thus leading to inferior resolution for high energy muons. As
shown in Figure 3.11, the best momentum resolution, particularly at high trans-
verse momenta, is achieved with the full system, represented by the global muon
definition. The disadvantage here is the slightly lower reconstruction efficiency
due to the significantly higher momentum thresholds and the matching between
the muon and the inner tracking system. While clearly being more efficient than
global muons and having less fakes than the tracker muons, standalone muons
have inferior momentum resolution over the whole momentum range.
Jet Reconstruction
Due to confinement it is not possible to observe free quarks in nature. The in-
creasing potential energy of an escaping quark produced in the hard process of a
particle collision induces the production of showers of secondary hadrons. In or-
der to obtain information about the initial quarks algorithms are used to combine
these secondary particles into jets preserving most of the initial quark properties.
This analysis uses the anti-kT jet clustering algorithm [41], a sequential recombi-
nation jet algorithm similar to the kT and the Cambridge/Aachen algorithms.
B Jet Identification
For light quarks it is impossible to distinguish the quarks flavor. However, the
decay of the b quark is suppressed through the CKM matrix elements resulting
in an increased lifetime for B hadrons exploited for b jet identification. With the
excellent spatial resolution of the pixel detector it is possible to reconstruct the
additional secondary vertex of the b quark decay. The combined secondary vertex
algorithm (CSV) [42] uses multivariate analysis techniques to effectively combine
all available information for the reconstruction of a secondary vertex. For each jet
the algorithm calculates a discriminator representing the probability that the jet
originated from a b quark.
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Missing Transverse Energy
Neutrinos and other particles proposed in theories beyond the Standard Model
(i.e. Neutralinos) are stable and interact only through the weak force. Their cross
section for an interaction inside the detector is too low to result in their detection
or proper reconstruction. Only comparison between the initial state of two protons
colliding along the z-axis and the reconstructed final state products can provide
evidence for such an invisible component. In the initial state the proton momenta
are along the z-axis without any transverse momentum. This lack of transverse
momentum must be preserved in the final state. When the transverse momentum
sum for all reconstructed particles is appreciably different from zero, the amount
required to balance it and thus preserve momentum conservation is the sum of
the transverse momenta of the invisible particles.
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Standard Model Analysis
The analysis presented in this chapter is an independent work performed as part
of the analysis group responsible for the official CMS analysis in this search chan-
nel [43]. It utilizes the same features of the decay channel to distinguish a possi-
ble signal from the background but the optimization is performed independently
minimizing the expected exclusion limit instead of the expected significance of a
Standard Model Higgs bosons signal.
4.1 Data Set
This analysis is performed on the full data sets recorded by the CMS detector
during 2011 and 2012. In 2011 the LHC provided to the experiments an inte-
grated luminosity of 6.13 fb−1 at a center-of-mass energy of
√
s = 7 TeV. A total
amount of 5.55 fb−1 were recorded by the CMS detector. In order to assure good
data quality this analysis only uses events which were recorded while all detector
components were able to collect data. This reduces the data set to an integrated
luminosity of 5.05 fb−1. In 2012 the CMS detector recorded 21.79 fb−1 out of the
23.30 fb−1 provided by the LHC. This analysis uses 19.39 fb−1 of well reconstructed
events of 2012 data. A summary of the recorded integrated luminosity during Run
I of LHC operations can be seen in Figure 4.1
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Figure 4.1.: Left: Integrated luminosity delivered by the LHC in proton-proton collisions
in Run I. Right: Integrated luminosity delivered by the LHC compared with
that recorded by the CMS detector in 2012 [44].
4.2 Monte-Carlo Simulations
Signal
The simulated signal samples for Higgs production by the Gluon Fusion and VBF
contributions were produced using the POWHEG generator [45], interfaced with
the parton showering of the PYTHIA software package [46]. Samples for Higgs
masses from 115 GeV to 155 GeV in steps of 5 GeV were produced. In the special
region of interest between 124 GeV and 128 GeV samples with a higher granularity
of 0.5 GeV were produced. Samples for the associated production contributions
with W and Z bosons were produced with the Herwig++ generator [47], again
interfaced with the parton showering of the PYTHIA software package [46]. While
for the associated production the same range of Higgs mass points was assumed,
samples were produced in steps of 10 GeV. For each signal contribution and each
Higgs mass 100.000 events were generated.
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Background
The similarity of the examined signal channel to the Drell-Yan process Z 0/γ? → µµ
makes the latter the dominant background process. Therefore this analysis searches
for a signal peak on top of a continuous background distribution in the tail-end of
the mass peak of the Z boson. Due to the high integrated luminosity delivered by
the LHC in 2011 and 2012 this background distribution is very smooth, even when
splitting the events up in categories in order to enhance the signal contribution.
Thus it is possible to extract the background contribution from data by performing
a simultaneous fit of signal and background hypotheses to the data. Nevertheless,
in order to visualize the different background contributions in the data and for
the estimation of systematic effects, Monte-Carlo simulations (MC) for the differ-
ent background processes were generated. The generators used, the number of
generated events, the cross section and corresponding integrated luminosity for
the background processes considered are shown in Table 4.1.
Table 4.1.: Summary of simulated background simulations.
Process Generator gen. Events σ [pb] int. Luminosity [fb−1 ]
Z/γ? → ll MadGraph 30309503 3503.71 8.65
Top pairs MadGraph 6863652 245.80 27.92
W± → µ±ν MadGraph 11952072 37509.00 0.32
ZZ production Pythia 8772351 17.65 497.02
WZ production Pythia 8372189 33.21 252.10
WW production Pythia 9980431 54.84 181.00
Single t (s-channel) PowHeg 259961 3.79 68.59
Single t (t-channel) PowHeg 99876 56.40 17.71
Single t (tW ) PowHeg 497658 11.10 44.83
Single t¯ (s-channel) PowHeg 139974 1.76 79.53
Single t¯ (t-channel) PowHeg 1935072 30.70 63.03
Single t¯ (tW ) PowHeg 493460 11.00 44.86
QCD Pythia 21484602 50000.00 0.43
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Pile Up
The effect of additional interactions of the underlying event, commonly called pile
up events, is considered in the MC simulations by superimposing minimal bias
interactions to the primary physics processes. The number of these superimposed
events is dependent on the instantaneous luminosity which is unknown at the
time of the production of the MC samples. Therefore the number of pile up
events in the MC simulation is different and the simulated events are reweighted.
The effect of the reweighting is most obvious in the distribution of the number of
reconstructed vertices shown in Figure 4.2. As can be seen the MC distributions
are in much better agreement with the measurement after the reweighting. Small
differences left between data and simulation can occur due to differences in the
vertex reconstruction efficiency and do not necessarily mean that the simulated
pile up distributions are incorrect.
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Figure 4.2.: Distribution of the number of reconstructed primary vertices in data and sim-
ulation before (left) and after reweighting procedure in MC (right).
4.3 Trigger
The limited bandwidth of the CMS data acquisition limits the trigger rate of the
experiment and therefore the trigger rate of each trigger stream. If a trigger stream
exceeds the limitation triggering events are skipped until the rate is low enough
and the stream is prescaled. The trigger stream used in this analysis is selected to
have the lowest possible momentum threshold while still recording every event
fulfilling the trigger criteria, hence having no prescale. Events containing a Higgs
boson decaying into a muon pair are collected using the single muon trigger
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Figure 4.3.: Left: Trigger efficiency for the single muon trigger stream in different regions
of pseudo-rapidity for data and simulation. Right: Ratio between trigger
efficiency in data and simulation for the single muon trigger in different regions
of pseudo-rapidity [48].
stream. This trigger stream selects all events with an isolated muon having a
transverse momentum of more than 24 GeV and pseudo-rapidity between −2.1
and 2.1. It is preferred over a trigger selecting two muons because a single muon
trigger gives the opportunity to measure the trigger efficiency directly from data
using the tag and probe method [48]. The simulated signal and background events
are reweighted to correct for differences in trigger efficiency between data and MC
simulation [48]. The trigger efficiency for a certain event is given by combining
the efficiency for each muon:
εevent = 1− (1− εµ1)(1− εµ2) (4.1)
The trigger efficiencies for different regions in pseudo-rapidity and the differ-
ence between data and simulation is depicted in Figure 4.3. The statistical uncer-
tainty of these corrections is considered as a systematic uncertainty in the final
sensitivity calculation. Furthermore, the simulated events are reweighted to re-
produce the distribution of the reconstructed primary vertices in the data.
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4.4 Preselection
One great advantage of the di-muon decay channel is the possibility to reconstruct
the invariant mass of the Higgs boson with high resolution. The basic muon se-
lection is summarized in Table 4.2. It is essential to select events with two well
reconstructed, isolated muons in order to reconstruct the boson with optimal pre-
cision. Therefore the analysis selects events with two oppositely charged muons
with a transverse momentum of more than 25 GeV. The muons are required to
be reconstructed within a pseudo-rapidity of |ηµ| < 2.1, the region in which
the muons are able to be recognized by the trigger system. The track fit in the
inner tracker system is required to have χ2/NDF track < 10. The selection of sec-
ondary muons and muons from other underlying pile up interactions are rejected
by demanding that both muons come from a common primary vertex. For this
the distance of closest approach of both muon tracks in the x-y plane is required
to be Dtrackxy < 0.02 cm. Along the z axis the distance of closest approach of
both muon tracks is required to be Dtrackz < 0.1 cm. Furthermore the muons are
required to produce at least one hit in the pixel detector (NPixelhits > 0), at least 5
hits in the silicon strip tracker (N IThits ≥ 5) and at least one hit in the muon system
(NMuonhits > 0). The quality of the muon reconstruction is ensured by requiring
global muons consisting of matching track segments in the inner tracker system
and the muon system. The muons are required to be well separated from other
objects in the event, especially from jets, since in certain background events, e.g.
QCD events, it is possible to detect muons produced in a cascade decay of a B
meson. For this the energy deposition not associated with the muon in the inner
tracker in a cone with ∆R =
√
∆η2 +∆ϕ2 < 0.3 around the muon is summed up.
This energy deposition is required to be less than 12% of the muons transverse
momentum.
The efficiencies of the muon reconstruction and isolation were measured in data
and simulation using the tag and probe technique [48]. In the top part of Figure 4.4
the ratio between the efficiencies in data and simulation is shown. This ratio is
used to reweight the simulated events in order to obtain the correct event yield.
Similar to the correction for the trigger efficiency, the statistical uncertainty of
these corrections is treated as a systematic effect in the limit calculations later on.
The lower part of Figure 4.4 summarizes the number of events in the investigated
invariant mass range as well as the resulting selection efficiency for events pass-
ing the Preselection shown in Table 4.2 for the background and signal processes
considered.
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Table 4.2.: Standard muon selection based on the standard CMS muon ID [49].
Cut Description
pµT > 25 GeV muon transverse momentum
|ηµ| < 2.1 muon pseudo-rapidity
χ2/NDF track < 10 goodness of track fit
Dtrackxy < 0.02 cm
track distance of closest approach in
x-y-plane to the selected primary vertex
Dtrackz < 0.1 cm
track distance of closest approach
along the z axis
NPixelhits > 0 Number of hits in the pixel detector
N IThits ≥ 5 Number of hits in the silicon tracker
NMuonhits > 0 Number of hits in the muon system
global muon match between tracker track and muon system track segment
Isoreltrk < 0.12
relative isolation calculated using tracks
in a cone of ∆R < 0.3 around the selected muon
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Figure 4.4.: Top: Ratio between muon isolation efficiency (left) and muon reconstruction
efficiency (right) in data and MC simulation for the single muon trigger in
different regions of pseudo-rapidity [48]. Bottom: Number of selected events
(left) and selection efficiency (right) for the 8 TeV data and for MC background
processes and expected signal processes (mH = 125 GeV) in an invariant mass
window between 110 and 160GeV.
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4.5 Signal Modeling
The sensitivity of the analysis is estimated by testing the hypothesis of a Higgs
boson on top of the background is tested against the hypothesis of a signal-free
background. The observable used for this hypothesis test is the invariant mass
of the two muons identified as the decay products of the Higgs. The signal hy-
pothesis is modeled by a fit to simulated signal events. The natural width of the
SM Higgs is negligible compared to the effect of detector resolution. Therefore
the parametrization of the signal hypothesis consists of a linear combination of
a Gaussian peak and a Crystal-Ball shape. The contribution of the Crystal-Ball
function is added to describe tails to lower masses due to final state radiation
(FSR) [50].
fsignal (mµµ) = Nsignal · (α · fGauss (mµµ) + (1− α) · fCB (mµµ)) (4.2)
fGauss (mµµ) =
1√
2piσGauss
e
− (mµµ−mGauss)2
σ2
Gauss (4.3)
fCB (mµµ) =

(
n
|α|
)n
e− α
2
2 ( n|α| − |α| −
(mµµ−mCB)2
2σ2
)−n mµµ−mCBσCB < −α
e
− (mµµ−mCB)2
2σ2
CB
mµµ−mCB
σCB
> −α
(4.4)
All production mechanisms of the SM Higgs result in similar shapes. For this
reason the signal hypothesis is fitted to the sum of all signal processes. The fit is
performed for Higgs masses from 115 to 150 GeV in steps of 0.5 GeV. Since signal
samples were produced in steps of 5 GeV, the final signal shape at each point is
obtained by performing a linear interpolation [51] between the histograms of the
produced signal samples. An example of these signal fits is shown on the left side
of Figure 4.5.
4.6 Background Modeling
In order to estimate the background distribution the background hypothesis is
fitted to the data leading to a restriction of the allowed parameter range in order
to increase the stability of the next fit. After this initial fit an unbinned likelihood
fit of a linear combination of signal and background hypotheses is performed on
the data. The background parameters and the ratio between the two hypotheses
are free and determined through the fit. The signal parameters are fixed from
the previous fit to the simulated signal samples. The shape and normalization
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of the fitted background hypothesis define the background model for all further
sensitivity tests of the analysis. The statistical uncertainty of the fitted background
parameters is treated as a systematic shape uncertainty in the sensitivity calcula-
tions.
Several shapes were tested for the parametrization of the background distribution.
Four independent parametrizations have been found to describe the background
properly.
f1
(
mµµ
)
= Nbackground
e−λ·mµµ
(mbackground −mµµ)2
(4.5)
f2 (mµµ) = Nbackground · e−λ·mµµ
(
β · fBW (mµµ) + 1− β
m2µµ
)
(4.6)
f3 (mµµ) = Nbackground ·
(
β · e−λ·mµµ + (1− β) · fVoigt (mµµ)
)
(4.7)
f4 (mµµ) = Nbackground · e−λ·mµµ
(
β · fVoigt (mµµ) + 1− β
m2µµ
)
(4.8)
The last three parametrizations utilize Breit-Wigner and Voigt distributions to rep-
resent the Z resonance given by:
fBW (mµµ) =
Γ
(mZ −mµµ)2 + Γ2/4
(4.9)
fGauss (mµµ) =
1√
2piσ
e
− (mµµ−µ)2
σ2 (4.10)
fVoigt (mµµ) =
∫ ∞
−∞
dm′fGauss
(
m′
) · fBW (m′ −mµµ) (4.11)
The first parametrization is characterized by its simplicity since it uses only two
parameters, λ and mbackground. The denominator represents a simplified Breit-
Wigner peaking at the free parameter mbackground. This parametrization is very ro-
bust, has only two free parameter and yields relatively low fit uncertainties. Nev-
ertheless, this model is limited in its usage when facing considerable amounts of
contamination from background processes other than from the Drell-Yan Z/γ? →
µµ channel.
The second function is based more on its physical justification. It consists of a
linear combination of a Breit-Wigner peak, representing the resonance of the Z
peak, and another contribution proportional to 1/m2µµ which is designed to rep-
resent the photon propagator contribution. Furthermore, the linear combination
is multiplied by an exponential function describing the effect of the falling parton
density function. The fit for this parametrization is performed in two steps. In
the first step a fit is performed around the Z peak (70− 110 GeV) to determine
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Figure 4.5.: Left: Examples of a model fit to the invariant mass of the two muons from the
simulated signals. Right: Example for combined fit of signal and background
hypothesis to the data.
the parameters of the Breit-Wigner contribution mZ and Γ. These parameters are
then fixed and the final fit of the signal plus background hypothesis is performed
in the signal region (110− 160 GeV). This parametrization neglects the fact that
the Z peak in the di-muon invariant mass spectrum is distorted by the detector
momentum resolution. The fitted width of the Breit-Wigner contribution differs
from the natural width of the Z boson and represents an effective width. Since the
investigated signal region is away from the Z peak the parametrization performs
very well despite this simplification.
In order to take into account the momentum resolution of the detector, reso-
nances are usually fitted by a convolution of a Breit-Wigner peak and a Gaussian
distribution. The third parametrization consists of a linear combination of a falling
exponential distribution with a Voigt function given by the convolution of a Breit-
Wigner peak with a gaussian distribution. Once again the Breit-Wigner peak rep-
resents the Z resonance, and the gaussian represents the momentum resolution of
the CMS detector.
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The final parametrization is an extension of the second parametrization with the
Breit-Wigner contribution replaced by a Voigt function. In this fit the parameters
of the mass and decay width of the Z boson are fixed to the values recommended
by the Particle Data Group in order to reduce the number of free parameters
and avoid the obvious correlation between the detector resolution and the natural
decay width. Figure 4.6 shows a detailed comparison of the different parametriza-
tions for a fit to the data. On the first impression all models seem to fit very well as
the residuals and the mean and width of their pull distributions are as expected.
Further investigation is conducted to pick a parametrization for the use in the
statistical analysis. First, models 3 and 4 are discarded, because they involve con-
volutions which tend to destabilize the fit procedure. The final decision between
the remaining candidate parametrizations is based on an investigation taking the
contamination of the Drell-Yan background by other background processes into
account.
Robustness against Contamination from Top Pair and Di-Boson Backgrounds
The dominant background contribution in this analysis is the Z/γ? → µµ process.
Nevertheless, in certain event categories there are considerable contributions from
top pair and di-boson backgrounds. MC events from the Drell-Yan and top pair
background passing the di-muon preselection are used to produce samples with
different degrees of top pair contamination. Each sample is fitted with the two
considered background models and the pull distributions are calculated. The two
lower plots in Figure 4.7 show the mean and width of the pull distributions of the
two background models depending on the fraction of top pair events. Evidently
the first background model is not flexible enough to cope with a contamination of
more than 20% top pair events in the signal region. On the other hand, the second
parametrization gives a flat behaviour for the mean and width of the pull distri-
bution. The procedure is repeated for WW events with similar results. Therefore
the second background model is taken as a baseline and used for the extraction
of the background. The other parametrizations serve as cross checks and are used
to determine the systematic uncertainty due to the choice of background model.
In conclusion, the model best suited to parametrize the background is a combi-
nation of a falling exponential distribution, a Breit-Wigner peak representing the
Z boson and an additional contribution of 1/m2µµ:
fBaseline (mµµ) = Nbackground · e−λ·mµµ
(
β · fBW (mµµ) + 1− β
m2µµ
)
, with (4.12)
fBW (mµµ) =
Γ
(mZ −mµµ)2 + Γ2/4
(4.13)
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Figure 4.6.: Comparison for different background models. The residual and pull distribu-
tions are colored corresponding to their counterparts in the fit. 61
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Figure 4.7.: Top: Fit of two different parametrizations to simulated Drell-Yan events con-
taminated with 0% (left) and 40% (right) simulated events from top pair
production. Bottom: Mean (left) and width (right) of pull distributions of
fits with two parametrizations to toy simulations depending on the level of
contamination by top pair production.
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Table 4.3.: Basic VBF Preselection.
Cut Description
pLeadT > 40 GeV Transverse momentum of the leading jet in pT
pTrailT > 30 GeV Transverse momentum of the next-to-leading jet in pT
|ηjets | < 4.7 Pseudo-rapidity of the two jets
E chargedHCAL /Ejet > 0 Fraction of jet energy deposited by charged particles in the HCAL
E neutralHCAL /Ejet < 0.99 Fraction of jet energy deposited by neutral particles in the HCAL
E chargedECAL /Ejet < 0.99 Fraction of jet energy deposited by charged particles in the ECAL
E neutralECAL /Ejet < 0.99 Fraction of jet energy deposited by neutral particles in the ECAL
nconstituents > 1 Number of jet constituents
ncharged > 0 Number of charged particles in the jet
tight Pile-Up ID Multivariate analysis to reject jets from underlying events [55]
/ET < 40 GeV Missing transverse energy
4.7 Sensitivity Estimation
The estimation of the sensitivity is performed by calculating the expected 95%
confidence level limit on the Standard Model Higgs boson cross section. This limit
is computed using a test statistic q representing a modified profile likelihood ratio
developed by the CMS and ATLAS collaborations [52, 53]. For all calculations
an implementation from asymptotic formulae [54] is used. In addition to the
number of events expected from the background and signal hypotheses and the
number of events observed in the data, the shape of the signal and background
hypotheses are tested against the observed distribution. Systematic effects are
treated as nuisance parameters in the limit calculation.
4.8 Sensitivity Optimization
The sensitivity of the analysis is enhanced and further investigated with events
passing the trigger and preselection criteria. In a first step, the event topology
of the Vector Boson Fusion signal contribution is exploited to separate signal and
background. Afterwards the events failing the VBF selection are investigated fo-
cussing on the Gluon Fusion production.
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Vector Boson Fusion
As seen in the lowest order Feynman diagram for the Vector Boson Fusion produc-
tion mechanism, depicted in Figure 2.1, the SM Higgs is produced in association
with two jets. In order to exploit this topology the event category VBF Tight is
established. The first part of the selection for this category is a selection of two
high energy jets. The jets are required to be separated from the selected muons
and from each other by ∆R > 0.3. A multivariate estimator called Pile-Up ID [55]
is used to veto jets originating from overlapping interactions not associated with
the same primary vertex as the muons. Additionally a cut on the missing trans-
verse energy is performed to suppress the top pair background contribution which
tends to have higher missing transverse energy due to the neutrinos produced in
the leptonic decay of the W bosons. The VBF preselection for the optimization is
summarized in Table 4.3.
After selecting two well reconstructed jets, it is possible to further exploit the
features of the VBF topology. In the production of the Higgs boson through Vec-
tor Boson Fusion, two quarks from the two interacting protons each emit a W± or
Z 0 boson which fuse to form the Higgs boson. These two quarks tend to go into
opposite detector hemispheres to ensure the conservation of the overall momen-
tum. The left side of Figure 4.8 shows the distribution of the absolute difference
in pseudo-rapidity of the two jets. The shape of the VBF Higgs signal contribution
differs significantly from the background and the Gluon Fusion contribution. It
tends to have a very wide separation between the jets. Since the invariant mass
of two objects is directly affected by the opening angle between them, in the VBF
production the di-jet invariant mass is much higher in comparison with other pro-
cesses. This is visible in the distribution of the invariant mass of the di-jet system
on the right side of Figure 4.8.
The two distributions offer separation power for the VBF contribution. They
are exploited to maximize the sensitivity of the analysis by probing the expected
limit for this event category while varying the cuts on the two distributions. Since
the two observables are correlated the cuts are optimized simultaneously. The
lower threshold for the absolute difference in pseudo-rapidity |∆ηjj| is modified
between 1 and 6 in steps of 0.5 and the lower threshold for the invariant di-
jet mass mjj is changed from 100 to 800 GeV in steps of 50 GeV. The resulting
two-dimensional distribution of the expected limit is depicted in Figure 4.9. The
selection reaches the lowest expected limit, and therefore the highest sensitivity,
for a cut of |∆ηjj| > 4 and mjj > 500 GeV.
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Figure 4.8.: Distribution of the difference in pseudo-rapidity (left) and the invariant mass
(right) of the two most energetic jets in the event normalized to an area of 1.
Recovering Events Failing the Selection
The signal events passing the di-jet selection in Table 4.3 are still highly popu-
lated by events from the Gluon Fusion contribution. These events are unlikely
to pass the selection optimized for the Vector Boson Fusion presented in the pre-
vious paragraph. In order to retain the possibility of exploiting these events in
the analysis an event category for events failing the dedicated VBF selection is
established.
Events failing the di-jet selection
Since the two-jet selection (Table 4.3) is optimized to favour the VBF production
mechanism, signal events due to Gluon Fusion are likely to fail it. Additional
event categories are established to preserve this contribution. As shown in Fig-
ure 4.10 the reconstructed Higgs candidates resulting from Gluon Fusion tend to
have higher transverse momentum than the background events. Therefore a cut
on the transverse momentum might increase the sensitivity of the analysis. To
optimize the sensitivity the value of the cut was varied between 5 and 100 GeV
in steps of 5 GeV. As in the optimization for the VBF case, the sensitivity of the
analysis is calculated for each of the cut variations. Events passing the dimuon
transverse momentum cut fall in the 0,1-Jet Tight selection category, while events
failing it fall into the 0,1-Jet Loose selection category.
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Figure 4.9.: Expected sensitivity for a hypothesis of a 125 GeV SM Higgs in dependence of
a lower cut on the difference in pseudo-rapidity (∆ηjj) and the invariant mass
of the two most energetic jets in the event (mjj). The red lines indicated the
final cut values in the best sensitivity for this category.
In Figure 4.10 the sensitivity of the category of events passing the cut are shown
in orange. As expected, when increasing the cut the expected limit drops and gets
worse after the optimum around 10 GeV due to the loss in signal events. To utilize
the possible signal fully, events failing the cut are considered as a separate event
category for which the sensitivity is depicted in green. When estimating the best
choice for the cut, it is necessary to optimize the sensitivity for the combination
of the two categories, which is presented as the blue curve in Figure 4.10 show-
ing that the optimal choice is at 20 GeV. In comparison, the purple line indicates
the sensitivity of an inclusive category without any cut imposed on the dimuon
transeverse momentum. The decision to establish two event categories results in
a significantly better sensitivity.
Furthermore, the 0,1-Jet samples possess high statistics. This can be exploited
by splitting it up even further. The resolution for the reconstruction of the muon
momentum is different in different pseudorapidity regions. This affects the reso-
lution of the invariant mass and therefore the width of the expected signal peak.
For this reason the 0,1-Jet categories are split into geometrical categories depend-
ing in which region the muons are reconstructed. The central region (|η| < 0.8) is
called Barrel, the intermediate region (0.8 < |η| < 1.6) is called Overlap and the
forward region (|η| > 1.6) is called Endcap. This lead to the six combinations BB,
BO, BE, OO, OE and EE. The better resolution in the central region lead to a gain
in the combined sensitivity of 1 – 2 %.
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Figure 4.10.: Left: Normalized distribution of the reconstructed transverse momentum
of the Higgs candidates after the di-muon preselection. Right: Expected
sensitivity for the hypothesis of a 125 GeV SM Higgs as a function of a
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pµµT for events passing the cut (orange), events failing the cut (green) and
the statistical combination of both event categories (blue). The purple line
indicates the sensitivity when removing the cut completely. The red line
indicates the cut value (20 GeV) maximizing the combined sensitivity at 20
GeV.
Summary Event Categorization
An Overview of the established selection categories is shown in Figure 4.12. Over-
all, events passing the di-muon preselection are split into 14 categories. Events
passing the 2-jet selection are classified into two categories depending on whether
they satisfy the VBF criteria or not. Events failing the 2-jet selection are also split
into two groups according to the transverse momentum of the di-muon system
(cut at 20 GeV). These groups are further subdivided into geometrical categories
to exploit the η-dependence of the di-muon mass resolution. The composition of
signal and background events in the different categories as well as their respective
statistics are presented in Figure 4.11. As can be seen, the 2 Jets VBF category
provides the best signal to background ratio, but it is the category with the lowest
statistics. For this reason the 0,1-Jet Tight BB and 0,1-Jet Tight BO are competitive
in sensitivity to 2 Jets VBF as can be seen in the lower right part of Figure 4.11.
Corresponding plots for the 7 TeV data can be found in Appendix A. A detailed
comparisons of the invariant mass distributions of data and simulation in all se-
lection categories for both, the 7 TeV and 8 TeV data can be found in Appendix A
as well. The combined fits of signal and background hypothesis to data which are
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Figure 4.11.: Top: Statistics and composition of background (left) and a 125 GeV SM
Higgs (right) events in the different event categories based on the invariant
mass spectrum between 115GeV and 135GeV. Bottom: Signal to Back-
ground Ratio (left) and Expected 95% C.L. Limit in the different event cate-
gories in 8 TeV data based on the invariant mass spectrum between 115GeV
and 135GeV.
performed to estimate the background distributions in all selection categories, as
explained previously (Section 4.6) are shown in Appendix B.
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Figure 4.12.: Schematic cut flow of the event selection.
4.9 Systematic Uncertainties
Systematic uncertainties affecting this analysis are treated as nuisance parameters
in the limit calculation. The uncertainties can be differentiated into those affecting
the absolute scale and those influencing the shape of the signal and background
distributions of the invariant mass. Since the background contribution is esti-
mated directly from data, most of the scale uncertainties affect only the signal
processes.
Scale Uncertainties
Many systematics only affect the yield of signal events and not the dimuon in-
variant mass shape. The scale uncertainties are all assumed to be distributed ac-
cording to Log-Normal distributions. The effect of the different sources of system-
atic uncertainties on the signal yield in each selection category for all production
mechanisms is shown in Figure 4.14. The corresponding plots for the systematic
uncertainties in the 7 TeV data can be found in Appendix D.
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Luminosity
The luminosity measurement has a statistical uncertainty of 2.2% for 2011 [56]
and 2.6% for 2012 [57]. These uncertainties diminish the exact knowledge on the
signal yield and are therefore treated as systematic uncertainties on the signal.
Signal Cross Section
Uncertainties on the QCD scale and on the parton density function are propa-
gated into the signal cross section of the different signal contributions and the
branching ratio for the decay into two muons. The uncertainties for 7 and 8 TeV
are summarized in Table 4.4
Table 4.4.: Uncertainties on the signal cross section and branching ratio into muons in the
investigated mass range from 110GeV and 160GeV. The dependence of the
uncertainties on the Higgs mass results in the stated ranges.
Uncertainty
√
s = 7 TeV
√
s = 8 TeV
BR(H → µµ) 2.6% – 7.0% 2.6% – 7.0%
σ(gg → µµ) 9.9% – 11.1% 9.8% – 10.8%
σ(VBF ) 2.3% – 2.8% 2.5% – 2.8%
σ(WH) 2.6% – 3.0% 2.5% – 2.8%
σ(ZH) 3.5% – 5.0% 3.6% – 5.0%
Muon Efficiency Scale Factors
The simulated signal events are reweighted using scale factors related to the trig-
ger, the muon identification and isolation provided by the CMS Muon group [48].
The systematic effect is determined by varying the scale factors by ±0.5% for
muon identification and by ±0.2% for muon isolation and trigger. The difference
in the signal yield is interpreted as a systematic uncertainty on the signal effi-
ciency. It is found to be independent of the energy, Higgs mass and selection
category and amounts to 1.6%.
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Figure 4.13.: Shift in the number of primary vertices due to a change of the inelastic cross
section in the simulation of gluon fusion events at mH = 125 GeV.
Pile Up Modelling
Due to the high instantaneous luminosity of the LHC beams more than one
proton-proton interaction occurs per bunch crossing. In 2012 an average of 15
primary vertices per event were reconstructed. These pile up interactions are con-
sidered in the simulation and the simulated events are reweighted to reproduce to
the primary vertex distribution measured in the data. The systematic uncertainty
related to the number of pile up events in the signal Monte Carlo is estimated
by varying the total inelastic cross section from its nominal value of 68 mb for
2011 and 69.3 mb for 2012 by 5% up and down. Figure 4.13 shows the resulting
shift in the distribution of primary vertices. The event selection is repeated on the
samples with varied pile up distribution. For each selection category the maximal
difference in signal yield over the mass range considered is interpreted as the sys-
tematic uncertainty. The uncertainty appears to be flat over the mass range 110 to
160 GeV ranging from 0.4% to 3.4% over the several categories.
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Pile Up ID
The Pile Up ID is used to separate jets coming from the hard process from jets
produced at a different primary vertex. The efficiency of the Pile-Up ID is es-
timaeted by a data-driven method using events with a jet recoiling against a Z
boson. Events having a Z boson with a transverse momentum pT > 30 GeV and
a jet with ∆Φ(Z , jet) ≈ pi are selected, because they are very unlikely to emerge
from pile up. These events are used to measure the efficiency of the pile up jet
identification in data and simulation. The difference is found to be small and the
MC samples are not corrected for it. For jets with |η| < 2.4 the uncertainty is
negligible. For jets in the forward region (|η| > 2.4) the uncertainty is found to be
5% for jets with 30 GeV < pT < 40 GeV and 2% for jets with pT > 40 GeV. Since
this uncertainty affects the jet selection, its impact can be seen in the 2 Jets VBF
category where it changes the signal yield between 1.3% and 5.9% depending on
the signal process.
Jet Energy Scale and Resolution
For the systematic uncertainty arising from the jet energy measurement, the trans-
verse momentum of each jet is varied by the jet energy scale (JES) uncertainty,
given in bins of jet pT and η. The resulting difference in signal yield is com-
puted for each Higgs mass and event category. Furthermore, the jets are smeared
according to the jet energy resolution (JER). The uncertainties appear flat with
respect to the Higgs mass. Changing the jet energy scale causes a migration of
events among the selection categories leading to a change in the signal yield of up
to 12.5% in the 2 Jets VBF for the ZH production. The smearing of the Jet Energy
Resolution has a bigger influence. It gives uncertainties on the signal yield of the
VBF production between 5% and 9% in all event categories. It also affects the 2
Jets VBF and 2 Jets ggF categories by 5% to 18%.
Parton Density Funciton and QCD Scale Uncertainties
The signal Monte Carlo samples were generated with the POWHEG generator
using the CT10 [58] parton density function. The systematic uncertainties due
to the parton density function are estimated by varying each of the parameters
in the pdf set by its uncertainty and then recalculating the pdf scale factor for
each event. The changes in signal yield for each of the parameters are added
in quadrature. The procedure is performed in each event category and for each
mass point. The resulting uncertainties have been found to be flat throughout the
investigated mass range and result in an uncertainty on the signal yield from 3.4%
to 9.2%.
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In addition an uncertainty on the QCD scale αS is considered when calculating
the pdf scale factor. The QCD scale is variied from the nominal value of 0.118
by one standard deviation to 0.116 and 0.120 respectively. The pdf scale factor
is recalculated with the shifted values and the change in the event yield in each
selection category resulting in a systematic uncertainty of 0.5% to 3.5%.
Shape Uncertainties and Fit Bias
The scale uncertainties described above apply only to the expected signal since
the background is extracted directly from the data by the fit. Systematic effects
on the shape of the background contribution are considered by allowing the fit
parameters to vary within their uncertainties in the limit calculation.
As the exagerated visulization of Figure 4.15 explains, the choice of the wrong
background parametrization can lead to a systematic overestimation of signal
events present in the data. In order to take this bias in the estimation of signal
and background events from the data into account it is considered as an addi-
tional systematic uncertainty. The possible bias introduced by the choice of the
background parametrization is estimated by comparing the combined fit of signal
and chosen background parametrization to toy distributions generated from other
reference parametrizations. The reference parametrizations consist of the other
parametrizations considered in Section 4.6. an additional generic parametrization
using Bernstein polynomials is used to ensure that these other parametrizations
are not correlated to the baseline used in the background estimation. The Bern-
stein polynomial of order n is defined by
fBernstein(x) =
n
∑
i=0
(n
i
)
x i (1− x)n−i (4.14)
The order of the Bernstein polynomial appropriate to fit the background hy-
pothesis is determined by fitting the invariant mass distribution between 110 GeV
and 160 GeV Bernstein polynomials of increasing order. The fit for each new order
is compared to the previous order and the procedure continues until the proba-
bility of the fit does not increase by more than 0.05.
In each event category the dimuon mass spectrum is fitted with the three non-
baseline models (established in Section 4.6) and the chosen Bernstein polynomial
as a reference. This fit is used to generate 1000 toy Monte Carlo distributions with
the same statistics as the event categories. Each of the toy distributions is then fit-
ted with the signal and background hypothesis using the alternative parametriza-
tion and the baseline parametrization employed in the background estimation.
The median of the difference between the fitted signal events from the alternative
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Figure 4.14.: Systematic Uncertainties for all selection categories and signal production
channels in the 8 TeV MC samples.
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Figure 4.15.: Exagerated illustration for the challenge in the choice of a background
parametrization. While the blue parametrization seems to describe the data
very well, combining an ill-fitting parametrization (dashed, red line) with
the signal hypothesis still can result in a reasonable fit and in the process
overestimating the signal events present in the data.
fit and the baseline in the 1000 toy fits is the measure of the fit bias. The fit bias for
each Higgs mass and event category with respect to each alternative parametriza-
tion is shown in Figure 4.16. For each Higgs mass and each event category the
reference function with the highest absolute fit bias is considered as a systematic
uncertainty in the limit calculation. For this an additional background contribu-
tion with a shape identical to the signal hypothesis is assumed. The expected rate
of this fit bias background is set to zero and is fitted as a nuisance parameter with
its standard deviation given by the number of fit bias events calculated before.
In a second approach, consistent with the CMS publication in this search chan-
nel [43], the results are calculated using an alternative number of bias events. For
this approach in each selection category highest absolute fit bias over the whole
mass range and over all reference parametrization is used in the systematic uncer-
tainty. The second approach increases the effect due to this systematic uncertainty
from 17.1% to 38.1% for the 125 GeV Higgs boson hypothesis.
Summary
The effect of each systematic source on the sensitivity of the analysis is determined
by performing the limit calculation several times, excluding in turn each system-
atic uncertainty and calculating the deviation of the expected exclusion limit from
the nominal value. The effect on the expected exclusion limit is summarized in
the last column of Table 4.5. It is obvious that the most important systematic
uncertainties originate from the fit to the data to estimate the background shape.
The uncertainty on the fitted background shape and the bias introduced by the
choice of parametrization are the sources with significant impact on the analysis.
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Figure 4.16.: Estimated number of fit bias events from the different alternative
parametrizations.
The rather low impact of the other scale uncertainties shows that the analysis at
this point is dominated by the statistical uncertainty. Additional data collected in
future LHC operations will improve the sensitvity of this analysis.
Correlations
The systematic uncertainties affecting the physics objects used in the event se-
lection can lead to a migration of events from one selection category to another,
leading to correlations of these systematic uncertainties between the selection cat-
egories. The correlation for the jet energy resolution between the data of differ-
ent center-of-mass energies occurs due to the fact that both data samples were
recorded using the same detector. The other corrections concerning the muon
identification, pile up and jet energy scale are estimated independently for the
two center-of-mass energies and are therefore only correlated within the event
categories separately for each center-of-mass energy.
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The theoretical uncertainties introduced by the signal cross section calculation,
the parton density function and the QCD scale used in the signal simulation are
also considered to be correlated in the
√
s = 7 TeV and
√
s = 8 TeV data sets. The
scale uncertainties introduced in the calculation to estimate the systematic uncer-
tainty has to be applied in the same way in both center-of-mass energies, hence
leading to the correlation.
The luminosity uncertainty is correlated within the selection categories, because
the same data sample, and therefore the same luminosity measurement, is used.
Regarding this uncertainty the two center-of-mass energies are not correlated since
the luminosity measurements are independent.
The shape uncertainties on the estimated background are assumed not to be cor-
related with each other because an individual fit is performed in each selection
category.
Table 4.5.: Correlations of systematic uncertainties between event categories and center-
of-mass energies.
Systematic Source
Event Categories Center-of-Mass Energies Effect
Correlated Correlated on Limit
Luminosity Yes No < 0.1%
Signal Cross Section Yes Yes 2.33%
Muon Efficiency Scale Yes No < 0.1%
Pile Up Modelling Yes No < 0.1%
Pile Up ID Yes No < 0.1%
Jet Energy Scale Yes No < 0.1%
Jet Energy Resolution Yes Yes 0.64%
Parton Density Function Yes Yes 0.78%
QCD Scale Variation Yes Yes 0.4%
Background Shape No No 10.12%
Fit Bias No No 17.1% (38.1%)
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4.10 Results
Limit Calculation
In abscence of a clear excess above background, an upper limit on the Higgs cross
section is calculated. The limit calculation is based on a modified frequentist
CLs method suggested by the LHC Higgs Combination Group [59]. The method
utilizes a likelihood using the invariant mass distribution of the two muons as-
sociated to the Higgs decay as the observable. For the set of k observed events
X = (x1, ... , xk) the likelihood funktion is defined by
L(X |µ, θ) = 1
k
k
∏
i=1
(µ · S · fS (xi ) + B · fB(xi )) · e−(µ·S+B) · p(θ˜|θ). (4.15)
In this definition S and B are the number of expected signal and background
events respectively. The probability density functions fS is the normalized sig-
nal shape extracted from the fit to the simulated signal events, described in Sec-
tion 4.5. The probability density functions fB is the normalized background shape
extracted from the combined fit to the data, described in Section 4.6. The pa-
rameter µ is a signal strength modifier. The conditional probability p(θ˜|θ) is the
probability for the measured systematic uncertainties θ˜ under the condition of the
unknown real systematic uncertainties θ.
The compatibility of the selected events with the background-only and signal+back-
ground hypotheses are tested through a test statistic q˜µ:
q˜µ = −2 ln L(X |µ, θˆµ)L(X |µˆ, θˆ) (4.16)
Here the parameter µˆ represents the fitted signal strength accommodating for
the observed data best. As next step for a given probed signal strength µ the ob-
served value of q˜obsµ is calculated. Then the likelihood function is profiled in order
to minimize the effect of the systematic uncertainties by determining the values
of the nuisance parameters θˆobs and θˆobsµ that maximizes the respective likelihood
functions. Then asympotic formulae [54] are used to construct the distribution of
the test statistic for the probed signal strength µ in the signal+background hypoth-
esis and for the background-only hypothesis with µ = 0. These distributions are
called f (q˜µ|µ, θˆobsµ ) and f (q˜µ|0, θˆobs0 ). Again the nuisance parameters are fixed to
the values determined from a fit to data. The expected distributions and the value
of the test statistics p-values for the observation of two hypotheses are established
by
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pµ = P(q˜µ ≥ q˜obsµ |s+ b) =
∫ ∞
q˜obsµ
f (q˜µ|µ, θˆobsµ )dq˜µ (4.17)
1− pb = P(q˜µ ≥ q˜obsµ |b) =
∫ ∞
q˜obsµ
f (q˜µ|0, θˆobs0 )dq˜µ (4.18)
(4.19)
The ratio of these probabilities is defined as
CLS (µ) =
pµ
1− pb (4.20)
If for a given value of µ this ratio CLS ≤ α this signal strength can be excluded
with a confidence level (C.L.) of (1− α). For the observed 95% C.L. upper limit
the signal strength is increased until CLS falls below 0.05. The expected exclusion
limits are calculated in the same way while assuming the median and the ±1σ
and ±2σ of the distribution of the background hypothesis as the expected value of
the test statistic in data.
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Figure 4.17.: Left: Observed and expected 95% C.L. exclusion limit on the signal strength
relative to the SM expectation for the given Higgs mass. Right: Local p-
value for the 2 Jet and 0,1 Jet categories and their combination with respect
to the background only hypothesis.
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Results
The combined limit for an integrated luminosity of 5.0 fb−1 of 7 TeV data collected
in 2011 and 19.5 fb−1 of 8 TeV data collected in 2012 is shown on the left side of
Figure 4.17. For a Higgs mass of 125 GeV the observed limit reaches 9.5 times the
SM Higgs prediction, while the expected limit amounts to 5.2+2.2−1.5 times the SM
Higgs prediction.
Over most of the mass range considered the observed limits lies well within the
±2 σ band of the expected limit with two regions of interest around 117 and
127 GeV. Figure 4.18 shows the combined fit of the signal and background hy-
pothesis to the data in the 0,1 Jet tight BB and 0,1 Jet tight BO categories. In these
categories an excess of events in the same adjacent mass bins create a signal-like
excess with a local significance exceeding 2 σ. As also visible in the shape of the
p-value in Figure 4.17, these deviations from the background-only hypothesis are
mainly originating from the 0,1 Jet categories and exceed p-values expected by the
presence of the SM Higgs. A detailed summary of the categorization in the event
selection is given in Section 4.8.
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Figure 4.18.: Combined signal and background fit to the data in the 0,1 Jet tight BO
(left) and 0,1 Jet tight BB (right) selection categories.
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The limit calculation is performed with a modified fit bias systematic uncer-
tainty, consistent to the approach in [43], in order to handle the observed access
as carefully as possible. In each selection category the highest number of fit bias
events observed in the estimation is used for every investigated mass point to
make sure the estimated systematic uncertainty covers the bias introduced by the
choice of the background parametrization. Overall this increases the width of the
overlapping likelihood distributions for the background and signal + background
hypotheses and thus decreases the expected sensitivity of the analysis. At the
expected Higgs boson mass of 125 GeV the increased number of fit bias events in
all selection categories leads to an overall increase of the systematic effect on the
expected sensitivity from 17.1% to 38.1% decreasing the expected sensitivity from
5.2+2.2−1.5 to 6.3
+2.7
−1.9. This also leads to a decrease of the combined local significance
of the excess observed around 127 GeV from 2.10 σ to 1.27 σ. The combined limit
and p-value distributions utilizing the conservative fit bias systematic are shown
in Figure 4.19.
 / GeVHm
115 120 125 130 135 140 145 150
 
)
µµ
 
→
( H
 
SM
σ
 
/ 
σ
95
%
 C
.L
. L
im
it 
on
 
0
5
10
15
20
25 Combination
    -1
 = 7 TeV, L = 5.02 fbs
    -1
 = 8 TeV, L = 19.49 fbs
Observed Limit
σ 1 ±Expectation   
σ 2 ±Expectation   
 / GeVHm
115 120 125 130 135 140 145 150
lo
ca
l p
-v
al
ue
4−10
3−10
2−10
1−10
1
σ1
σ2
σ3
   -1
 = 7 TeV, L = 5.02 fbs
   -1
 = 8 TeV, L = 19.49 fbs
Combined Observation
Expectation from SM Higgs
0,1 Jet Categories
2 Jet Categories
Figure 4.19.: Left: Observed and expected 95% C.L. exclusion limit on the signal strength
relative to the SM expectation for the given Higgs mass utilizing the modified
fit bias uncertainty. Right: P-value for the 2 Jet and 0,1 Jet categories and
their combination with respect to the background only hypothesis utilizing
the modified fit bias uncertainty.
Clearly a large amount of additional data will be needed to observe (or possibly
exclude) the existence of the Higgs decay into muons. However, by performing
a simultaneous maximum likelihood fit in all selection categories in the 7 and 8
TeV data, the signal strength is fitted to 3.3+3.8−3.1 times the SM expectation, which
is consistent with both, the SM hypothesis of signal strength 1 within 1 σ but also
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the null hypothesis of its absence (signal strength 0) within 1.27 σ. The result for
the maximum likelihood fit for the signal strength is set into context to the other
CMS Higgs searches [16] by testing the validity of the expected mass-dependence
of the coupling of the Higgs boson to the other SM particles. For this test scale
factors κi for each SM production mechanisms and decay channels are introduced
to scale their couplings in order to fit the event yields to the data in all search
channels. For production processes the scale factor is defined as
κ2i = σi/σSMi . (4.21)
For the decay channels the scale factor is defined as
κ2i = Γii/ΓSMii . (4.22)
Since the top boson coupling can not be observed directly κt is determined through
the scale factor for the gluon fusion production mechanism which is defined by
κ2ggh ∝ 1.11 κ
2
t + 0.01 κtκb − 0.12 κ2b. The small contribution of κb to the gluon fu-
sion and the high cross section of the gluon fusion leads to a relatively low uncer-
tainty for κt . The scale factor for the muon (κµ) is extracted from the maximum
likelihood fit, described above. The statistical uncertainty on κµ is calculated using
simple gaussian propagation of uncertainty which only takes the first order tay-
lor expansion into account. The scale factors for the other SM particles are taken
from [16] and are summarized in Table 4.6. For the electron only the 95% C.L.
exclusion limit can be stated.
Table 4.6.: Scale factors for the tree-level couplings of the SM particles to the Higs boson
[16].
particle scale factor κi
W 0.95+0.14−0.13
Z 1.05+0.16−0.16
t 0.81+0.19−0.18
b 0.74+0.33−0.29
τ 0.84+0.19−0.18
µ 1.82+1.06−0.87
e < 608.3 at 95% C.L.
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The weak bosons coupling is transformed in order to be able to compare them
dircetly to the coupling of the fermions. Hence, the couplings are defined by
λf =
√
2
κfmf
ν
,
√
gV
ν
=
√
2
κ1/2V mV
ν
. (4.23)
A phenomenological parametrization is utilzed to relate the masses of the SM
fermions and weak bosons to their scale factor κ using two parameters, M and
e [60, 61]. The model defines the scale factors for the weak bosons κV and the
fermion κf as
κf = ν
mef
M1+e
, κV = ν
m2eV
M1+2e
(4.24)
representing the linear dependency of the Yukawa couplings between the Higgs
boson and the SM fermions λf and the coupling to the weak bosons gV which
grows with the square of the mass of the weak bosons. In this definition ν repre-
sents the vacuum expectation value of the SM Higgs boson of ν = 246.22 GeV. In
this parametrization the Standard Model is realized for M = ν and e = 0 which
neutralizes the scale factors to κi = 1. The parameter e changes the association of
the Higgs couplings to the SM particle masses. While a value of 0 represents the
behaviour expected by the Standard Model, a value of -1 would indicate that the
particle masses would be canceled out and the coupling to the Higgs boson is com-
pletely independent of the SM particles masses. Using the two parametrizations
a combined Likelihood is constructed and scanned to find the global minimum
for both parameters. As shown on the left side of Figure 4.20 the likelihood scan
results in M = 269.25+61.75−39.60 GeV and e = −0.005± 0.059 which is consistent with
the Standard Model expectation within one standard deviation.
On the right side of Figure 4.20 the result of the likelihood scan is visualized
in the context of the mass-dependence of the Higgs couplings. In this visualisa-
tion fermionic and bosonic couplings are linear in the particle mass as can be seen
on the right side of Figure 4.20. While the dashed line represents the SM expec-
tation the solid line represents the likelihood fit with the green and yellow bands
representing its 1 and 2 σ uncertainty. It can be seen that the Higgs couplings
follow the mass-dependent behaviour predicted by the Standard Model.
When comparing the informations about the Yukawa couplings between the Higgs
boson and the Standard Model leptons it becomes obvious that the leptonic Higgs
couplings are, unlike the leptonic couplings of the weak bosons, not flavor univer-
sal. The yukawa coupling for the τ lepton results in λτ = (8.57+1.94−1.84)× 10−3 while
the yukawa coupling of the muon results to λµ = (1.12+0.64−0.52)× 10−3 rejecting the
flavor-universal hypothesis by 3.8 σ. The 95% C.L. upper limit on the electron
yukawa coupling of λe < 1.78× 10−3 further reinforces this result.
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Figure 4.20.: Left: Likelihood scan of the phenomenological parametrization to the mea-
sured scale factors to the particles Higgs couplings. Right: Visualization of
the mass dependence of the Standard Model particles couplings to the Higgs
Boson.
Outlook
From the limit calculations in the previous section it is obvious that the lack of
statistics presently prevents the analysis to be sensitive to the SM Higgs. The
statistics necessary to be able to reject the SM Higgs hypothesis in the dimuon
channel with a 95% C.L. or to establish a significant signal is estimated by an
extrapolation of the expected significance to higher center-of-mass energies and
integrated luminosities. For this estimation the same selection efficiencies in each
event category are considered for all signal and background processes involved.
Furthermore, the increased production cross section for center-of-mass energies of
13 and 14 TeV is considered and the parametrized signal and background shapes
are scaled accordingly. For
√
s = 13 TeV the systematic uncertainties are taken
from the actual 8 TeV analysis. The effect due to systematic uncertainties is illus-
trated by calculating the projections for
√
s = 14 TeV using the same systematic
uncertainties as above and additionally using 50% reduced uncertainties, antici-
pating a better knowledge of the detector resulting from significantly increased
data sets. The resulting evolution of the expected significance at higher center-of-
mass energies with growing integrated luminosity is plotted in Figure 4.21. As
shown, an integrated luminosity of 140 to 155 fb−1 depending on the center-of-
mass energy and the systematic uncertainties will be necessary to be sensitive
enough for a 95% C.L. exclusion of the Standard Model Higgs Boson. In order
to measure a first 3 σ evidence an integrated luminosity of 320 to 350 fb−1 will
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Figure 4.21.: Extrapolation of the expected significance of the SM Higgs in the dimuon
decay channel to higher center-of-mass energies and integrated luminosities.
be needed. A 5 σ discovery in this search channel will not be feasable without
integrated luminosities of 900 to 1000 fb−1.
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5
MSSM Analysis
The analysis presented in this chapter was performed as part of the analysis group
responsible for the preparation of the CMS publications in this search channel
[62, 63]. The MSSM analysis inherits many tools and properties from the SM
analysis, due to the similarity of the signal topology. The MSSM analysis is based
on the same data set, using the same trigger, and basic muon selection.
5.1 Signal Modeling
Through the introduction of a second Higgs doublet, the MSSM features three
neutral and two charged Higgs bosons. This analysis focuses on the search for the
three neutral Higgs bosons A0, H0 and h0. Therefore the signal model consists of
a linear combination of three signal peaks. As shown in Figure 2.8 the masses of
two of the neutral Higgs bosons are always degenerate which results in two of the
signal peaks overlapping. Each of the signal peaks is described by a Voigt function
consisting of a Breit-Wigner convolved with a Gaussian distribution accounting
for the detector resolution. The full signal probability density function is given by
f MSSMSignal (mµµ) = β · f A
0
Signal(mµµ) + γ · f H
0
Signal(mµµ) + δ · f h
0
Signal(mµµ) (5.1)
f
φ
Signal (mµµ) =
∫ ∞
−∞
dm′f φGauss
(
m′
) · f φBW (m′ −mµµ) (5.2)
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f
φ
BW (mµµ) =
Γφ(
mφ −mµµ
)2
+ Γ2φ/4
(5.3)
f
φ
Gauss (mµµ) =
1√
2piσφ
e
− (mµµ−µ)2
σ2φ with φ ∈ {h0,A0,H0} (5.4)
As mentioned in Section 2.5 searches usually choose a particular MSSM scenario,
thus fixing several MSSM parameters. Once the scenario is fixed the Higgs sector
is determined by the mass of the pseudoscalar neutral Higgs mA and the ratio
of the vacuum expectation values of the two Higgs doublets in the MSSM tan β.
Considering the five MSSM scenarios established in Table 2.4 these two param-
eters are scanned in this analysis. For each point in the investigated parameter
plane of mA and tan β, six separate MC signal distributions are considered repre-
senting the three different Higgs bosons produced through Gluon Gluon Fusion
and the associated production with b quarks. Each of the three signal peaks is
fitted to the combination of Gluon Gluon Fusion and associated production for
the corresponding Higgs boson. In this fit the shape of each signal peak is deter-
mined and fixed for all future fits at this parameter point. In the next step the full
signal model is constructed from the previous fits. The strength of the individual
signal peaks β,γ and δ is determined as the ratio of the cross section for the given
Higgs to the overall cross section for all three Higgs bosons:
β =
σggA + σbbA
σggA + σbbA + σggH + σbbH + σggh + σbbh
(5.5)
γ =
σggH + σbbH
σggA + σbbA + σggH + σbbH + σggh + σbbh
(5.6)
δ =
σggh + σbbh
σggA + σbbA + σggH + σbbH + σggh + σbbh
(5.7)
5.2 Background Modeling
The search for the MSSM Higgs bosons extends to higher Higgs masses than in the
Standard Model analysis, since for the latter the mass of the SM Higgs is already
known through its discovery in 2012. Fortunately the parametrization chosen for
the SM analysis proves to be capable of fitting an extended mass range. The com-
bined fit with the signal and background hypotheses has to consider a wide range
in the invariant di-muon mass distribution in order to simultaneously exploit all
signal contributions. The masses of the neutral MSSM Higgs bosons follow a
simple pattern. Below 125 - 130 GeV the pseudoscalar A0 is degenerate in mass
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Figure 5.1.: Left: Fit example of the signal hypothesis to the combination of the different
simulated signal processes. Right: Fit of the signal + background hypotheses
to the invariant mass spectrum in the BTag selection category for the 8 TeV
data.
with the light scalar h0, while the mass of the heavy scalar H0 is constant around
125 GeV. For higher values of mA, the mass of h0 stays constant around 125 GeV.
If mA exceeds 130 GeV, H0 becomes degenerate in mass with A0. Therefore when
estimating the background from a combined fit, there are always two regions of
interest: One around the tested parameter mA and one around 125 GeV accounting
for the scalar Higgs not degenerate in mass with the A0. Instead of performing the
fit in two different regions, only one fit covering the whole range from 110 GeV to
360 GeV is performed in order to establish a consistent procedure over the whole
parameter space investigated.
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Figure 5.2.: Distribution of the missing transverse energy (left) and the b-tagging response
of the combined secondary vertex algorithm for the most energetic jet in the
event (right) normalized to an area of 1.
5.3 Event Selection
The main focus in the event selection is the enhanced production cross section of
the MSSM Higgs bosons in association with b quarks. The b quarks produce jets
which can be distinguished through their displaced vertex from jets generated by
lighter quarks.
Preselection
The selection of two muons of opposite charge already reduces many high cross
section background processes, like QCD processes and the production of W bosons.
It also reduces the amount of top pairs to the fraction in which both W bosons
from top quark decays are decaying leptonically into muons. Events with high
missing transverse energy /ET > 35 GeV are rejected to reduce the amount of tt¯
background even further. The distribution of the missing transverse energy for
events passing the di-muon preselection is shown in Figure 5.2. The cut is opti-
mized to decrease the expected exclusion limit of the analysis as far as possible.
Exploiting the b-associated Production
The production mechanism of the Higgs in association with b quarks is enhanced
in the MSSM, particularly for larger values of tan β. For this reason the main focus
of the analysis is a procedure addressing the selection of events containing a b-jet.
The response of the Combined Secondary Vertex b-tagging algorithm (CSV) [42]
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Table 5.1.: B Jet Selection.
Cut Description
dCSV > 0.679 Combined Secondary Vertex response
pJetT > 30 GeV Transverse momentum of the jet
|ηjets | < 2.4 Pseudo-rapidity of the jets
E chargedHCAL /Ejet > 0 Fraction of jet energy deposited by charged particles in the HCAL
E neutralHCAL /Ejet < 0.99 Fraction of jet energy deposited by neutral particles in the HCAL
E chargedECAL /Ejet < 0.99 Fraction of jet energy deposited by charged particles in the ECAL
E neutralECAL /Ejet < 0.99 Fraction of jet energy deposited by neutral particles in the ECAL
nconstituents > 1 Number of constituents in the jet
ncharged > 0 Number of charged particles in the jet
for the jet with the highest transverse momentum in events passing the di-muon
preselection is shown in Figure 5.2. The algorithm gives values between 0 and 1,
with higher values representing a higher probability that the given jet originates
from a b quark. As can be seen, the leading jet in events with b-associated produc-
tion tends to have a higher CSV response. A cut on the CSV response is able to
separate the signal events produced by associated production from the dominant
Drell-Yan background. Therefore, the BTag selection category is established which
selects events with at least one jet identified as originating from a b quark by the
CSV b tagging algorithm. The exact selection criteria are summarized in Table 5.1.
The value of the cut on the CSV response is chosen as the recommended working
point of the CMS b tagging group. The simulated signal samples are reweighted
to correct for differences in the b tagging efficiency between data and simula-
tion. The correction and the resulting treatment of the systematic uncertainty are
described in Section 5.4.
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Recovering Events Failing the Selection
Events failing the b-jet selection are recovered in an additional NonTag selection
category. This has a worse signal-to-background ratio than the BTag category, but
its large statistics helps to extend the reach of the analysis. A further split of the
selection categories in geometrical categories similar to the SM Analysis shows no
significant improvement and the analysis is carried out on with the two selection
categories BTag and NonTag.
Summary Event Selection
The number of events in the two selection categories for the background contribu-
tions and the
√
s = 8 TeV CMS data are summarized in Table 5.2. The discrepancy
in the number of selected background events in the simulation and the number of
selected data events reinforces the necessity to estimate the number of background
events directly from data. The expected selection efficiency and the expected sig-
nal yield for the signal contributions are depicted in Figure 5.3. It can be seen that
the selection efficiency is flat over mA for the production of the light scalar Higgs
h0 regardless of the production channel and selection category. On the other hand,
the efficiency of the heavier Higgs bosons A0 and H0 increases with their mass.
The higher Higgs masses result in decay products, namely the muons, with higher
transverse momentum which are more likely to pass the particle reconstruction.
In the associated production the higher Higgs mass leads also to a larger recoil
of the bottom quarks giving them a higher transverse momentum and therefore a
higher probability to be within the acceptance of the b jet reconstruction.
Table 5.2.: Selected background and data events for
√
s = 8 TeV.
Process
BTag Category NonTag Category
Events Events
Z/γ? → ll+ 1472.55 119096
Top pairs 1847.84 529.33
W± → µ±ν 0 206.656
ZZ/WZ/WW 43.09 1112.89
Single top 139.72 98.33
Σ backgrounds 3503.20 121043.21
CMS Data 3422 127718
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Figure 5.3.: Selection efficiency for the different signal contributions (top) and signal yield
for the associated production with b quarks (middle) and gluon fusion pro-
duction (bottom) in the BTag(left) and NonTag(right) selection category for
the 8 TeV data.
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5.4 Systematic Uncertainties
The similarity with the SM Higgs analysis suggests the handling of most system-
atic uncertainties to follow the same procedure. This applies for the systematic
uncertainties introduced by muon identification, underlying pile-up events, par-
ton density functions and the jet energy scale and resolution. The uncertainty
introduced by the b jet identification, which is not used in the SM analysis, will
be estimated in the same way.
Muon Efficiency Scale Factors
The simulated signal events are reweighted using scale factors related to the trig-
ger, the muon identification and isolation provided by the CMS Muon group [48].
The systematic effect is determined by varying the scale factors by ±0.5% for
muon identification and by ±0.2% for muon isolation and trigger. The difference
in the signal yield is interpreted as a systematic uncertainty on the signal effi-
ciency. The uncertainty is found to be independent of the value of tan β. The un-
certainty for the different signal production processes and values of mA is shown
in Figure 5.4. Since the light scalar Higgs boson h0 has a rather low mass the
effect of the muon identification, isolation and momentum scale are well below
1% for both selection categories. For the other signal contributions the resulting
systematic uncertainty is increasing with increasing mA resulting in an uncertainty
of 0.4% to 4.1%.
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Figure 5.4.: Systematic Uncertainties due to the Muon identification, isolation and trigger
in the BTag(left) and NonTag(right) selection category for the 8 TeV data.
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Figure 5.5.: Systematic Uncertainties due to the Pile-Up corrections in the BTag(left) and
NonTag(right) selection category for the 8 TeV data.
Pile Up Reweighting
The systematic uncertainty related to the pile up reweighting events in the sig-
nal Monte Carlo is estimated by varying the total inelastic cross section from its
nominal value of 68 mb for 2011 and 69.3 mb for 2012 up and down by 5%. The
event selection is repeated on the samples with varied pile up distribution. The
maximal difference in signal yield over the considered mass range is interpreted
as the systematic uncertainty in both selection categories. The uncertainty is flat
over tan β and it is shown in Figure 5.5 for the different production mechanisms
and values of mA. The BTag selection category is affected more severly due to the,
in comparison to the NonTag selection category, lower statistics. While for the BTag
selection category the systematic uncertainty is in the range of 1.1 to 7.3% it only
varies from 1.1 to 1.4% for the NonTag selection category.
Parton Density Function and QCD Scale
The signal Monte Carlo samples were generated using the CT10 [58] parton den-
sity function. The systematic uncertainties due to the parton density function are
estimated by varying each of the parameters in the pdf set by its uncertainty and
then recalculating the pdf scale factor for each event. The changes in signal yield
for each of the parameters are added in quadrature. The procedure is performed
for each mass point in both selection categories. The resulting uncertainties on
the signal yield range from 4.8% to 16.1%.
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Figure 5.6.: Systematic Uncertainties due to the parton density function uncertainties
(top) and QCD scale (bottom) in the BTag(left) and NonTag(right) selection
category for the 8 TeV data.
In addition an uncertainty on the QCD scale αS is considered when calculating
the pdf scale factor. The QCD scale is varied from the nominal value of 0.118
by one standard deviation to 0.116 and 0.120, respectively. The pdf scale factor
is recalculated with the shifted values. The change in the event yield in each
selection category results in a systematic uncertainty of 0.4% to 6.1%. The parton
density function and QCD scale uncertainties for the different signal contributions
as a function of mA are shown in Figure 5.6.
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Jet Energy Scale and Resolution
The systematic uncertainty arising from the jet energy measurement is calculated
by varying the transverse momentum of each jet by the jet energy scale (JES)
uncertainty, given in bins of jet pT and η. The resulting difference in signal yield
is computed for each Higgs mass and event category. Furthermore, the jets are
smeared according to the jet energy resolution (JER). For the NonTag category the
uncertainties are well below 1%, for the associated production contributions in
the BTag category are ranging from 1% to 5%. The gluon fusion contributions in
the BTag category have the lowest statitics and are affected the most by the jet
uncertainties, with uncertainties on the signal yield in these categories reaching
10%. The jet energy scale and resolution uncertainties for the different signal
contributions as a function of mA are shown in Figure 5.7.
Missing Transverse Energy
The systematic uncertainty introduced through the cut on the missing transverse
energy is considered together with the jet energy uncertainties. When applying
the corrections for jet energy scale and resolution the missing transverse energy is
corrected simultaneously. Therefore when investigating the effect of the jet energy
scale and resolution by shifting the corrections according to their statistical uncer-
tainty, the effect from the missing transverse energy is automatically considered.
Signal Cross Section
The scans of the signal cross section as a function of mA and tan β were per-
formed by the LHC Higgs Cross Section Working Group using the FeynHiggs
software [26–28]. The uncertainties on the signal cross section and the branching
ratio for the decay into muons are also handled by this software. In the calcula-
tion the QCD scale, renormalization scale and parton density function variation
are varied and propagated into the signal cross section to obtain its uncertain-
ties. The individual uncertainties are added in quadrature to obtain the combined
systematic uncertainty on the signal cross section. The overall uncertainty varies
between 5% and 12% as shown in Figure 5.8. The uncertainty of the signal cross
section is the most dominant scale uncertainty on the signal contributions.
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Figure 5.7.: Systematic Uncertainties due to the uncertainties on the jet energy scale
(top) and jet energy resolution (bottom) in the BTag(left) and NonTag(right)
selection category for the 8 TeV data.
B Jet Identification
The correct modeling of b-tagging in the simulation is ensured by reweighting
the simulated signal events to match the b-tagging efficiency in data. The b-
tagging efficiency in the simulated signal events is measured by matching jets to
the quarks on generator level. If the jet can be matched to a generated b quark it
is considered a b jet. If no b quark can be found, but a c quark could be matched
it is considered a c jet. If both fail, the jet is considered a light quark or gluon jet.
The probability for a given configuration of tagged and not-tagged jets in an event
by using the b-tag efficiencies measured in simulation is given by
PMC = ∏
i=tagged jets
ei ∏
j=not tagged jets
(1− ej ) (5.8)
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Figure 5.8.: Combined MSSM Cross Section Uncertainties for the
√
s = 8 TeV signal cross
sections.
The b-tagging efficiencies ei depend on the transverse momentum, the pseudo-
rapidity and the flavor of the jet. The simulated events are reweighted to better
describe the data and scale factors are applied to the b tag efficiencies measured in
the simulation. The probability for the given jet configuration is calculated again
according to
PData = ∏
i=tagged jets
αiei ∏
j=not tagged jets
(1− αjej ) (5.9)
where αi represent the scale factors provided by the CMS B-Tag group. The weight
which is then applied to the simulated events is calculated by the ratio of the two
probabilities
w =
PData
PMC
(5.10)
The systematic impact introduced by b-jet identification is estimated by varying
the scale factors by their statistic uncertainties and the event weights are recalcu-
lated. The relative change in the event yield is shown in Figure 5.9. It is obvious
that the effect is more pronounced in the BTag category, since the b-tagging is
crucial for the selection and the number of events migrating between the two
categories has a bigger impact in the category with the lower statistics. The sys-
tematic uncertainty due to the b jet identification amounts to about 2% in the BTag
selection category and to about 1% in the NonTag selection category.
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Figure 5.9.: B-Tagging Systematic Uncertainties in the BTag category (left) and the Non-
Tag category (right) for the 8 TeV data.
Fit Bias
The baseline parametrization used for the background estimation performs well
in describing the background in the fit range 110 GeV to 300 GeV. The bias intro-
duced by the choice of parametrization is calculated by a procedure similar to the
bias estimation in the SM analysis. Unfortunately the other parametrizations con-
sidered (see Section 4.6) are not able to fit the whole mass range. For this reason
the bias estimation is performed in two ranges. For values of mA up to 150 GeV
the fit bias is estimated as in the SM analysis using a fit range from 110 GeV to
160 GeV. For higher masses the extended fit range produces problems when fit-
ting with the reference functions. For this reason for mA > 150 GeV the fit range is
changed to 150 GeV to 300 GeV.
The fit bias is calculated exactly as in the SM analysis. The median of the dif-
ference of number of signal events fitted using the baseline and the reference
parametrizations in 1000 toy distributions is interpreted as the number of bias
events. In the transition region of the two fit ranges between 150 and 160 GeV
the estimate with the higher number of bias events is considered in the limit cal-
culation. The resulting number of bias events for the two selection categories is
shown in Figure 5.10. In order to validate the split in the estimation the transition
region is investigated more closely. Using the Bernstein polynomials as reference
function the fit bias for mA = 150 GeV was estimated with three overlapping fit
ranges (110− 160 GeV, 140− 300 GeV, 130− 170 GeV) resulting in comparable fit
bias estimations.
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Figure 5.10.: MSSM fit bias in the BTag category (left) and the NonTag category (right)
for the 8 TeV data.
Correlations
As in the SM analysis the correlation of the systematic uncertainties between the
two selection categories and center-of-mass energies is taken into account in the
limit calculation. The correlations of the different systematic uncertainties and
their impact on the sensitivity of the analysis are summarized in Table 5.3.
5.5 Limit Calculation and Results
Combined fits of signal and background hypotheses to the data are performed
in the two selection categories for both center-of-mass energies (examples shown
in Figure 5.11 for the 8 TeV data). The fits offer no obvious excess over the back-
ground. Hence limits are calculated to restrict the mA − tan β parameter space. In
contrast to the SM Higgs analysis this search deals with a two-dimensional pa-
rameter plane. The additional parameter tan β influences the shape of the signal
hypothesis significantly, as mentioned in connection with the signal modeling in
Section 5.1. Since the shape modifies the limit calculation, the choice of shape
– and therefore of the value of tan β to be used in the final limit calculation –
is crucial. This choice is based on the expected confidence level for the combi-
nation of both center-of-mass energies and selection categories. The confidence
level is calculated for each point in the parameter plane. For every value of the
Higgs mass mA the value of tan β closest to 95% expected confidence level is cho-
sen. The expected confidence level for the mmod+h benchmark scenario is shown in
Figure 5.12.
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Table 5.3.: Correlations of systematic uncertainties between event categories and center-
of-mass energies in the MSSM analysis.
Systematic Source
Event Categories Center-of-Mass Energies Effect
Correlated Correlated on Limit
Luminosity Yes No < 0.1%
Signal Cross Section Yes Yes 5.3%
Muon Efficiency Scale Factors Yes No < 0.1%
Pile Up Modeling Yes No < 0.1%
Jet Energy Scale Yes No < 0.1%
Jet Energy Resolution Yes Yes < 0.1%
B-Tagging Yes No < 0.1%
Parton Density Function Yes Yes 0.5%
QCD Scale Variation Yes Yes < 0.1%
Background Shape No No 7.7%
Fit Bias No No 21.6%
In a final step the expected and observed 95% confidence level exclusion limits
for tan β are calculated using the asymptotic CLs method [54]. The calculation
for the mmod+h benchmark scenario is shown in Figure 5.12. As shown, for the
lower mass range (mA < 180 GeV) a combined limit as low as tan β ≈ 15 can be
accomplished. For higher Higgs masses the cross section – and hence the sen-
sitivity of the analysis – drops significantly. Overall the observed limit is well
within the uncertainties of the expectation. The calculation is performed in all
five benchmark scenarios considered and the difference in the expected limit of
the benchmark scenarios with respect to the mmod+h scenario are shown on the left
side of Figure 5.13. As can be seen, the difference in the sensitivity is small and
only amounts to a few units of tan β. As expected, for higher masses the mmaxh
scenario results in the most conservative exclusion limits.
The limits on the parameter space achieved in this analysis is interesting because
it limits the possibility of models which rely on specifically high values of tan β,
like some SO(10) supergravity grand unifying theories (GUT) [64] in which top
quark, bottom quark and τ lepton are represented in the same gauge group and
can have a common, unified Yukawa coupling at a GUT-scale. In these models the
significantly smaller masses of the τ lepton and bottom quark with respect to the
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Figure 5.11.: Fit to data of the combined MSSM Higgs signal and background hypotheses
for the BTag and NonTag selection categories in
√
s = 8 TeV.
top quark can be explained by a hierachy of the vacuum expectation values rather
than hierachy of the Yukawa couplings. The hierachy necessary for this would
demand tan β ≈ 50 and for lighter masses of the pseudoscalar Higgs Boson mA
these models can be excluded by this analysis.
The right part of Figure 5.13 shows the results of the analysis in the mmaxh sce-
nario in comparison to the same analysis performed by the ATLAS collaboration.
The ATLAS collaboration in this search channel only presented results for the
7 TeV data to the public. [65] In comparison their results are not expected to be
equally sensitive. Nevertheless, the ATLAS results for 7 TeV are exceeded by the
CMS results for the same data set [62]. Only significant improvements in the
signal-background separation could improve the sensitivity of the ATLAS analy-
sis of the full Run I data set enough to be competetive with the presented analysis.
The direct comparison to the CMS 7 TeV analysis shows that the additional 8 TeV
data improves the previous analysis in the di-muon channel by roughly 5 units of
tan β over the whole investigated mass range.
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Figure 5.12.: Left: Expected confidence level in the mA − tan β parameter plane. Right:
Observed and expected 95% C.L. exclusion limit on tan β in the mmod+h
scenario for the combination of 7 and 8 TeV data.
The CMS collaboration also performed the search for neutral MSSM Higgs
bosons in the di-tau and di-bottom decay channels. Although the branching frac-
tion to bottom quarks is dominant, the search in the di-bottom decay channel is
much more challenging due to QCD background contributions and limitations of
the trigger for possible signal events. Thus far, the analysis has only been pub-
lished for a center-of-mass energy of
√
s = 7 TeV for integrated luminosities of
2.7 to 4.8 fb−1, varying for different event categories. [66] The published results
are less sensitive than the di-muon analysis presented in this thesis but they are
comparable to the 7 TeV iteration of this analysis. [62] Therefore, an updated anal-
ysis in the di-bottom channel could be able to reach a similar sensitivity to this
analysis. A comparison to the results in the di-tau decay channel [67] performed
by the CMS collaboration is rather futile. The di-tau search utilizes the full data
set and it reaches the best exclusion limits, reaching as low as tan β = 5, due to
the higher branching fraction of the Higgs in the decay to taus.
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Figure 5.13.: Left: Difference in the expected 95% C.L. exclusion limit on tan β with
respect to the mmod+h scenario for other MSSM benchmark scenarios. Right:
Comparison of the observed and expected 95% C.L. exclusion limit on tan β
in the mmaxh scenario to the 7TeV analyses of the CMS [62] and ATLAS [65]
collaborations.
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Summary
This thesis has presented two analyses on the search for the Higgs boson in the
di-muon decay channel. The searches were performed as part of the analysis
team responsible for the publications by the CMS collaborations in these chan-
nels [43, 62, 63]. The first analysis, discussed in Chapter 4, tried to confirm the
Standard Model Higgs boson discovered by the CMS and Atlas collaborations in
2012 and to measure its coupling to muons. The analysis established 14 exclusive
event categories dedicated to exploit the features of the Vector Boson Fusion and
Gluon Fusion Higgs production mechanisms. A major focus of the analysis lies in
the estimation of the distribution of background events directly from data. A fit
of the signal and background hypotheses is performed in each selection category
for this purpose. The shape uncertainty on the background introduced by the
fit and the possible bias due to the choice of the background parametrization are
the most significant sources of systematic uncertainty considered in the sensitivity
calculation.
The expected and observed 95% C.L. exclusion limits were calculated for Higgs
boson masses from 115 to 150 GeV. In the lower range the expected limit reaches
a sensitivity around 5 times the SM prediction before the branching ratio into
muons drops significantly and diminishes the sensitivity of the analysis. For the
Higgs mass of 125 GeV the analysis reaches an expected 95% C.L. exclusion limit
of 5.2+2.2−1.5 times the standard model prediction. Excesses in the 0,1 Jet tight BB and
0,1 Jet tight BO selection categories lead to a local significance of 2.10 σ around
a Higgs mass of 125 GeV and to an observed 95% C.L. limit of 9.54 times the
SM prediction. In conformity with the CMS publication [43], the maximal fit bias
systematic over the whole investigated mass range was also adapted in the limit
calculation and it changed the expected 95% C.L. exclusion limit from 5.2+2.2−1.5 to
6.3+2.7−1.9. The local significance around 125 GeV is reduced to 1.27 σ. Furthermore,
a maximum likelihood fit resulted in a signal strength of 3.3+3.8−3.1 times the SM
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prediction. The low local significance and the large uncertainties show that at this
point the results of the analysis are still consistent with both the expectation of a
SM Higgs boson and the null hypothesis of its absence.
More important, a fit of a phenomenological parametrization of the fitted cou-
plings between the Higgs boson and the Standard Model particles, combining the
result of the maximum likelihood fit of this thesis with the results in the other
search channels [16], are consistent with the Standard Model expectation within
one standard deviation. The Yukawa coupling of the τ lepton and the muon to
the Higgs boson are fitted to λτ = (8.57+1.94−1.84)× 10−3 and λµ = (1.12+0.64−0.52)× 10−3
respectively and differ significantly by 3.8 σ. Thus, the hypothesis that the lep-
tonic Higgs boson couplings, like the couplings of the W and Z bosons, are flavor
universal is rejected and therefore further supporting the Standard Model expec-
tation. This is further reinforced by the 95% C.L. upper limit on the electron
coupling of λe < 1.78× 10−3.
The future potential of the analysis was estimated by an extrapolation of the
current sensitivity to higher center-of-mass energies and higher luminosity. The
expected significance is proportional to the square root of the integrated luminos-
ity. For this reason a significant amount of additional data of about 1000 fb−1 at
a center-of-mass energy of 13 TeV will be necessary to obtain a signal of a signifi-
cance of 5σ in this search channel.
The second analysis, described in Chapter 5, is dedicated to the Higgs Sector
of the MSSM. A total of five MSSM benchmark scenarios (mmod+h ,m
mod−
h ,m
max
h ,
light stop and light stau) were considered in this search. Two selection categories
were established to search for the decay of the three neutral MSSM Higgs bosons
into muons. The BTag category requires b-jets characterizing the production of the
Higgs bosons in association with b quarks. The NonTag category recovered events
produced through Gluon Fusion. The analysis shares many techniques and object
definitions with the SM analysis. As before, the background contribution was es-
timated from the data.
The search was performed in a mass range from 115 to 300 GeV. The extended
mass range combined with the complex signal structure make the background
estimation more challenging. The used parametrization is robust enough to de-
scribe the background across the whole mass range, regardless of the degree of
contamination by top pair background events. The uncertainties introduced by
the choice of background parametrization and the uncertainty of the fit itself are
the predominant systematic uncertainties in the limit calculation.
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Since no significant signal was found the 95% C.L. exclusion limit for tan β has
been calculated. For the mmod+h benchmark scenario the analysis reaches down to
a sensitvity of tan β ≈ 15 in the low mass range (mA < 180 GeV). For higher Higgs
masses the branching ratio into muons drops and the sensitivity of the analysis
vanishes. The sensitivity for the other benchmark scenarios is very similar and
only differs by a few units of tan β. For all scenarios the observed limits fluctu-
ate around the expectation but stays well within the ±2σ uncertainty bands. To
this date the ATLAS collaboration only has published an analysis based on the√
s = 7 TeV dataset [65]. These results have already been exceeded in terms of
sensitivity by the CMS
√
s = 7 TeV dataset, preceding the analysis presented in
this thesis [62]. The di-muon analysis presented in this thesis was also compared
with other MSSM Higgs searches conducted with the CMS collaboration. The di-
tau search is much more sensitive and can exclude a much larger region of the
parameter plane [67]. However, the di-muon analysis is more sensitive than the
di-bottom search as the latter, up to now, is restricted to the
√
s = 7 TeV data [66].
Due to the unfortunate connection between the signal cross section and tan β and
the nature of statistics, future improvements on the sensitivity will require in-
creasingly larger amounts of additional data making significant progress in this
analysis very challenging. Nevertheless, together with direct searches this analy-
sis was able to constrain the allowed parameter space for supersymmetry and
discourage models which would demand rather high values of tan β like some
SO(10) Supergravity GUT’s [64].
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6
Zusammenfassung
Diese Dissertation hat zwei Analysen über die Suche nach dem Higgs Boson im
myonischen Zerfallskanal vorgestellt. Die Suchen wurden als Mitglied der Analy-
segruppe, die für die Publikationen der CMS Kollaboration in diesen Zerfallskanä-
len verantwortlich war, durchgeführt. Die erste Analyse, dargestellt in Kapitel 4,
hat versucht das Higgs Boson des Standard Modells, welches 2012 durch die CMS
und ATLAS Kollaborationen entdeckt wurde, zu bestätigen und seine Kopplung
an Myonen zu messen. Die Analyse hat 14 exklusive Ereigniskategorien einge-
führt, um die Eigenschaften der Vektor Boson Fusion und Gluon Fusion Higgs
Produktions Mechanismen auszunutzen. Ein wichtiger Teil dieser Analyse ist die
Bestimmung der Verteilung von Untergrundereignissen aus Daten. Dazu wird in
jeder Selektionskategorie eine Signal + Untergrund Hypothese angepasst. Die Un-
sicherheit der Form des Untergrundes durch die Anpassung und ihre mögliche
Verzerrung durch die Wahl der Untergrundparametrisierung sind die wichtigsten
systematischen Unsicherheiten, die in der Berechnung der Sensitivität berücksich-
tigt werden müssen.
Die erwarteten und beobachteten 95% Konfidenzintervall Ausschlußgrenzen wur-
den für Higgs Boson Massen von 115 bis 150 GeV berechnet. Im unteren Massen-
bereich erreicht die erwartete Ausschlußgrenze eine Sensitivität die dem 5-fachen
der Standard Modell Erwartung entspricht bevor das Verzweigunsverhältnis in
Myonen signifikant einbricht, und die Sensitivität der Analyse rapide abnimmt.
Für die Higgs Masse von 125 GeV erreicht die erwartete 95% Konfidenzintervall
Ausschlußgrenze 5.2+2.2−1.5 mal die Erwartung durch das Standard Modell. Über-
schüße in den 0,1 Jet tight BB und 0,1 Jet tight BO Ereigniskategorien führen zu
einer lokalen Signifikanz von 2.10 σ im Bereich einer Higgs Masse von 125 GeV
und zu einer beobachteten 95% Konfidenzintervall Ausschlußgrenze von 9.54 mal
der Erwartung durch das Standard Modell. In Übereinstimmung mit der CMS
Publikation [43], wurde darüber hinaus die Berechnung der Ausschlußgrenze mit
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der maximalen systematischen Unsicherheit aufgrund der möglichen Verzerrung
durch die Wahl der Untergrundparametrizierung wiederholt. Dabei ändern sich
die erwarteten Aussschlußgrenzen von 5.2+2.2−1.5 zu 6.3
+2.7
−1.9 mal der Standard Modell
Erwartung. Die lokale Signifikanz um 125 GeV wurde dabei auf 1.27 σ reduziert.
Des Weiteren ergab ein Maximum Likelihood Fit eine beobachtete Signalstärke
von 3.3+3.8−3.1 mal der Standard Modell Erwartung. Die niedrige lokale Signifikanz
und die großen Unsicherheiten auf die angepaßte Signalstärke zeigen, dass die
Resultate dieser Analyse noch immer sowohl mit der Hypothese eines Standard
Modell Higgs Bosons, als auch mit der Nullhypothese von dessen Abwesenheit
konsistent sind.
Darüber hinaus konnte eine phänomenologisch motivierte Parametrisierung an
die beobachteten Kopplungen zwischen den Standard Modell Teilchen und dem
neu entdeckten Higgs Boson angepasst werden. Dabei konnten die Resultate die-
ser Dissertation mit den Resultaten aus den anderen Zerfallskanälen [16] kom-
biniert werden. Das Resultat der Anpassung ist innerhalb einer Standardabwei-
chung mit der Erwartung durch das Standard Modell konsistent. Die Yukawa-
Kopplung des τ Leptons und des Myons an das Higgs Boson wurde zu λτ =
(8.57+1.94−1.84) × 10−3 und λµ = (1.12+0.64−0.52) × 10−3 angepasst und weichen signifi-
kant um 3.8 σ von einander ab. Diese Abweichung wiederspricht der Hypothese
dass die leptonischen Kopplungen des Higgs Bosons, genau wie die Kopplungen
der W und Z Bosonen, universell sind, wodurch die Standard Modell Erwartung
weiter untermauert wird. Dies wird weiter bekräftigt durch die 95% Konfidenz-
intervall Ausschlußgrenze auf die Kopplung des Higgs Boson an Elektronen von
λe < 1.78× 10−3.
Das zukünftige Potential der Analyse wurde durch eine Extrapolation der be-
stimmten Sensitivität zu höheren Schwerpunktsenergien und Luminositäten be-
stimmt. Die erwartete Signifikanz ist proportional zur Quadratwurzel der inte-
grierten Luminosität. Aus diesem Grund ist eine signifikante Menge an zusätz-
lichen Daten von ungefähr 1000 fb−1 bei einer Schwerpunktsenergie von 13 TeV
nötig, um ein Signal mit einer Signifikanz von 5σ in diesem Kanal zu erreichen.
Die zweite Analyse, beschrieben in Kapitel 5, beschäftigt sich mit dem Higgs Sek-
tor des MSSM. In dieser Suche wurden fünf MSSM Szenarios (mmod+h ,m
mod−
h ,m
max
h ,
light stop und light stau) untersucht. Zur Suche nach dem Zerfall der drei neu-
tralen MSSM Higgs Bosonen in zwei Myonen wurden zwei Ereigniskategorien
etabliert. Die BTag Kategorie fordert b-Jets die die Produktion der Higgs Bosonen
in Assoziation mit b Quarks charakterisieren. Die NonTag Kategorie selektierte Er-
eignisse die durch Gluon Fusion produziert wurden. Die Analyse teilt sich viele
Methoden und Objektdefinitionen mit der Standard Modell Analyse. Wie zuvor
wurde der Untergrundbeitrag direkt aus den Daten bestimmt.
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Die Suche wurde in einem Massenbereich von 115 bis 300 GeV durchgeführt.
Der erweiterte Massenbereich, zusammen mit der komplexeren Signalform, macht
die Untergrundbestimmung zu einer Herausforderung. Die benutzte Parametri-
sierung ist robust genug, um den Untergrund über den gesamten Massenbereich,
unabhängig von der Kontaminierung durch den Untergrund aus top Quarkpaa-
ren, zu beschreiben. Die, durch die Wahl der Parametrisierung, eingeführte Un-
sicherheit der Anpassung ist die dominante Unsicherheit in der Berechnung der
Ausschlußgrenzen.
Da kein signifikanter Überschuß gefunden wurde, wurden die 95% Konfidenz-
intervall Ausschlußgrenzen auf tan β berechnet. Im mmod+h Szenario erreicht die
Analyse eine Sensitivität von tan β ≈ 15 im unteren Massenbereich (mA < 180 GeV).
Für höhere Higgsmassen bricht das Verzweigungsverhältnis in Myonen ein und
die Sensitivität der Analyse nimmt rapide ab. Die Sensitivität in den anderen
Szenarien ist sehr ähnlich und variiert nur um einige Einheiten von tan β. In allen
Szenarien fluktuiert die beobachtete Ausschlußgrenze um die Erwartungen, bleibt
aber stets innerhalb ±2σ Unsicherheitsband um die Erwartung. Bisher hat die AT-
LAS Kollaboration nur eine Analyse publiziert, die auf dem
√
s = 7 TeV Daten-
satz [65] basiert. Ihre Resultate wurden im Bezug auf ihre Sensitivität bereits von
der, dieser Dissertation vorausgegangenen,
√
s = 7 TeV Analyse [62] übertroffen.
Die in dieser Arbeit vorgestellte Di-Myon Analyse wurde außerdem mit MSSM
Higgs Suchen in anderen Zerfallskanälen der CMS Kollaboration verglichen. Die
Di-Tau Suche ist sensitiver und kann einen viel größeren Parameterraum aus-
schließen [67]. Die Di-Myon Analyse is jedoch sensitiver als die Di-Bottom Suche,
da letztere bisher auf den
√
s = 7 TeV beschränkt ist [66].
Aufgrund des unglücklichen Zusammenhangs zwischen des Wirkungsquerschnitts
des Signals, dem Parameter tan β und der Natur der Statistik werden zukünftige
Verbesserungen der Sensitivität zunehmende Mengen an zusätzlichen Daten be-
nötigen und den Fortschritt der Analyse sehr erschweren. Dennoch konnte diese
Analyse zusammen mit anderen Suchen den erlaubten Parameterraum für Super-
symmetrie einschränken und dadurch Modelle die hohe Werte von tan β verlan-
gen wie einige SO(10) Supergravitationstheorien [64] demotivieren.
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A
Appendix
The appendices to this thesis are intended to provide additional Figures that carry
information interesting to the analyses but that would disrupt the reading flow
when placed within the corresponding chapter.
In order to give a more detailed overview of the selection categories and their
composition in the SM analysis, Appendix A shows in Figure A.1 a comparison
of data and simulation at
√
s = 7 TeV similar to Figure 4.11. Furthermore the dis-
tribution of the invariant dimuon mass in data and simulation for each selection
category for both center-of-mass energies is shown in Figures A.2 to A.6.
In Appendix B Figures A.7 to A.9 offer the combined signal and background
hypothesis fits to the data in all selection categories for the SM Analysis at both
center-of-mass energies. The fits are used to estimate the background distribu-
tions directly from the data.
The systematic uncertainties for the 7 TeV selection categories of the SM and
MSSM analyses can be found in Appendix C and D respectively.
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A SM Event Categorization in 7 TeV Data
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Figure A.1.: Top: Statistics and composition of background (left) and a 125GeV SM
Higgs (right) events in the different event categories based on the invariant
mass spectrum between 115GeV and 135GeV for a center-of-mass energy of
7 TeV. Bottom: Signal to Background Ratio in the different event categories
for a center-of-mass energy of 7 TeV based on the invariant mass spectrum
between 115GeV and 135GeV.
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events in the different event categories based on the invariant mass spectrum
between 110GeV and 160GeV.
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Figure A.4.: Statistics and composition of background (left) and a 125 SM Higgs (right)
events in the different event categories based on the invariant mass spectrum
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Figure A.5.: Statistics and composition of background (left) and a 125 SM Higgs (right)
events in the different event categories based on the invariant mass spectrum
between 110GeV and 160GeV.120
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Figure A.6.: Statistics and composition of background (left) and a 125 SM Higgs (right)
events in the different event categories based on the invariant mass spectrum
between 110GeV and 160GeV. 121
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Figure A.7.: Fit to data of the combined SM Higgs signal and background hypotheses for
the 2 Jets VBF and 2 Jets GGF selection categories in
√
s = 7 and 8TeV.
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Figure A.8.: Fit to data of the combined SM Higgs signal and background hypotheses for
the 0,1-Jet Tight selection categories in
√
s = 7 TeV.
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Figure A.9.: Fit to data of the combined SM Higgs signal and background hypotheses for
the 0,1-Jet Loose selection categories in
√
s = 7 TeV.
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Figure A.10.: Fit to data of the combined SM Higgs signal and background hypotheses
for the 0,1-Jet Tight selection categories in
√
s = 8 TeV.
125
A APPENDIX
 / GeV
µµ
m
110 120 130 140 150 160
Ev
en
ts
200
400
600
800
1000
CMS Preliminary
-1
 = 8 TeV L = 19.49fbs
passing 0,1 Jet Loose BB
CMS Data
Model Fit
 / GeV
µµ
m
110 120 130 140 150 160
Fi
t
(F
it -
 D
ata
) / 
-5
0
5
 / ndf = 0.76
2
χ
 / GeV
µµ
m
110 120 130 140 150 160
Ev
en
ts
200
400
600
800
1000
1200
1400
1600
1800
CMS Preliminary
-1
 = 8 TeV L = 19.49fbs
passing 0,1 Jet Loose BO
CMS Data
Model Fit
 / GeV
µµ
m
110 120 130 140 150 160
Fi
t
(F
it -
 D
ata
) / 
-5
0
5
 / ndf = 0.65
2
χ
 / GeV
µµ
m
110 120 130 140 150 160
Ev
en
ts
100
200
300
400
500
600
700
800
CMS Preliminary
-1
 = 8 TeV L = 19.49fbs
passing 0,1 Jet Loose BE
CMS Data
Model Fit
 / GeV
µµ
m
110 120 130 140 150 160
Fi
t
(F
it -
 D
ata
) / 
-5
0
5
 / ndf = 1.24
2
χ
 / GeV
µµ
m
110 120 130 140 150 160
Ev
en
ts
100
200
300
400
500
600
700
CMS Preliminary
-1
 = 8 TeV L = 19.49fbs
passing 0,1 Jet Loose OO
CMS Data
Model Fit
 / GeV
µµ
m
110 120 130 140 150 160
Fi
t
(F
it -
 D
ata
) / 
-5
0
5
 / ndf = 1.30
2
χ
 / GeV
µµ
m
110 120 130 140 150 160
Ev
en
ts
100
200
300
400
500
600
700
CMS Preliminary
-1
 = 8 TeV L = 19.49fbs
passing 0,1 Jet Loose OE
CMS Data
Model Fit
 / GeV
µµ
m
110 120 130 140 150 160
Fi
t
(F
it -
 D
ata
) / 
-5
0
5
 / ndf = 1.03
2
χ
 / GeV
µµ
m
110 120 130 140 150 160
Ev
en
ts
0
20
40
60
80
100
120
140
160
180
200
CMS Preliminary
-1
 = 8 TeV L = 19.49fbs
passing 0,1 Jet Loose EE
CMS Data
Model Fit
 / GeV
µµ
m
110 120 130 140 150 160
Fi
t
(F
it -
 D
ata
) / 
-5
0
5
 / ndf = 0.63
2
χ
Figure A.11.: Fit to data of the combined SM Higgs signal and background hypotheses
for the 0,1-Jet Loose selection categories in
√
s = 8 TeV.
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Figure A.12.: Estimated number of fit bias events from the different reference parametriza-
tions in the 7 TeV selection categories.
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Figure A.13.: Systematic uncertainties from the Muon ID (upper left), Pile Up (upper
right), Pile UP ID (mid left), jet energy scale (mid right), jet energy res-
olution (lower left) and parton density function (lower right) in the 7 TeV
selection categories of the SM analysis.
128
A.0
D MSSM Analysis Category Fits 7 TeV
150 200 250 300 350
Ev
en
ts
1
10
210
-1
 = 7 TeV L =  5.02 fb s Baseline S + B Fit BTag
CMS Data
Baseline S + B
 / GeVµµm
150 200 250 300 350
Fi
t
(F
it -
 D
ata
) / 
5−
0
5
 / ndf = 0.332χ 150 200 250 300 350
Ev
en
ts
1
10
210
310
-1
 = 7 TeV L =  5.02 fb s Baseline S + B Fit NonTag
CMS Data
Baseline S + B
 / GeVµµm
150 200 250 300 350
Fi
t
(F
it -
 D
ata
) / 
5−
0
5
 / ndf = 0.852χ
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(right) for the 7 TeV data. Bottom: Systematic Uncertainties from the
Muon ID for the BTag (left) and NonTag (right) event category in the 7
TeV data sample.
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Figure A.16.: Systematic Uncertainties from Pile Up (top), parton density function (mid-
dle) and QCD scale (bottom) for the BTag (left) and NonTag (right) event
category in the 7 TeV data sample.
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Figure A.17.: Systematic Uncertainties from jet energy scale (top), jet energy resolution
(middle) and b-tagging (bottom) for the BTag (left) and NonTag (right)
event category in the 7 TeV data sample.
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